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• A adaptação é frequentemente um produto da heterogeneidade ambiental no espaço 
geográfico e tem implicações importantes para a resposta das espécies às mudanças 
climáticas. Espécies com ampla distribuição geográfica representam um modelo ideal 
para o estudo de seleção ambiental, já que diferentes populações estão sujeitas a 
diferentes pressões seletivas, que podem moldar as variações genética e fenotípica. 
Investigamos a presença de evidências de seleção ambiental ao longo da distribuição de 
plantas com ampla distribuição, presentes de regiões tropicais a subtropicais e típicas de 
zonas costeiras – regiões para as quais estão previstos efeitos particularmente marcantes 
das mudanças climáticas deste século. 
• Integramos resultados de diferentes abordagens, como ecofisiologia e transcriptômica 
comparativa, genômica populacional e varreduras genômicas por sinais de seleção, em 
Avicennia germinans e A. schaueriana para investigar se está ocorrendo evolução 
adaptativa nessas duas espécies arbóreas dominantes na costa atlântica da América do 
Sul. 
• Observamos uma forte estrutura genética em ambas as espécies, bem como a presença de 
divergências supostamente não-neutras relacionadas com o balanço de água e de carbono, 
entre plantas de ambientes contrastantes. Notadamente, além de diferenças no fenótipo, 
encontramos nas duas espécies variações nucleotídicas com potenciais assinaturas de 
seleção positiva em supostos genes associados a processos biológicos chave na tolerância 
ao estresse abiótico. 
• Apresentamos neste trabalho evidências de que plantas costeiras tropicais podem 
responder à heterogeneidade ambiental existente ao longo de sua distribuição em fatores 
como disponibilidade de água e intensidade luminosa. Além disso, apresentamos um caso 
específico de evolução rápida em resposta à seca fisiológica, com mudanças fenotípicas e 
nos perfis de expressão gênica e de variação nucleotídica. Nossos resultados ajudam a 
compreender como árvores tropicais sobrevivem diante de alterações ambientais, além de 
terem implicações para a conservação e fornecerem uma base para previsões mais 
realistas sobre as respostas dessas plantas costeiras a um clima em acelerada 
transformação.  
Palavras-chave: Manguezais; Avicennia; Genômica; Sequenciamento de nova geração; 





• Adaptation is often a product of environmental heterogeneity in the geographical space 
and has important implications for species' response to climate change. Species with wide 
geographical distribution represent an ideal model for the study of environmental 
selection, since different populations are subject to different selective pressures, which 
may shape genetic and phenotypic variations. We investigated the presence of evidences 
of environmental selection along the distribution of widespread plants from tropical to 
subtropical regions, typical of coastal zones – regions for which are predicted particularly 
striking effects of climate change over the course of this century. 
• We integrated results from different approaches, such as ecophysiology and comparative 
transcriptomics, population genomics and genomic scans for selection in Avicennia 
germinans and A. schaueriana to investigate whether adaptive evolution is occurring in 
these two dominant trees in the Atlantic coast of South America. 
• We observed a strong genetic structure in both species, as well as the presence of 
supposedly non-neutral divergences related to water and carbon balance, between plants 
from contrasting environments. Notably, in addition to phenotypic differences, we found 
in these two species nucleotide variations with signatures of positive selection in putative 
genes associated with key biological processes involved in abiotic stress tolerance. 
• We provided evidences that tropical coastal plants may respond to the environmental 
heterogeneity existing throughout their distribution in factors, such as availability of water 
and light intensity. In addition, we present a case of rapid evolution of A. germinans in 
response to physiologic drought, with phenotypic changes and alterations in gene 
expression and nucleotide variation profiles. These findings help to understand how 
tropical trees survive under environmental changes, have implications for conservation 
and provide the basis for more realistic predictions on coastal plants responses to a rapidly 
changing climate.  
 
 
Keywords: Mangrove swamps; Avicennia; Genomics; Next-generation sequence; Adaptation 
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Cerca de 1/3 das superfícies terrestres do planeta é dominado por florestas 
(COSTANZA et al., 1997). Árvores são componentes estruturais essenciais dos ecossistemas 
florestais e desempenham funções ecossistêmicas vitais, que incluem um papel determinante 
nos ciclos de água e de carbono. A presença das árvores contribui para os padrões de 
precipitação e de disponibilidade de água em escalas global e local, representando uma 
importante fonte de umidade para a atmosfera (ELLISON; FUTTER; BISCHOP, 2012). Além 
disso, elas representam um enorme dreno de carbono global, que pode chegar a 1,1±0,8 Pg C 
por ano (PAN et al., 2011). 
Fatores climáticos são determinantes para a diversidade biológica do planeta e 
tem mudado a uma taxa acelerada, em decorrência do aumento das populações humanas e das 
suas atividades econômicas (LOARIE et al., 2009). Essas mudanças já estão alterando e 
continuarão a afetar de diferentes formas as comunidades, os táxons e as populações de 
espécies marinhas, terrestres e de água doce (PECL et al., 2017). Embora as florestas tropicais 
suportem grande parte da diversidade biológica do planeta (MANNION et al., 2014; SLIK et 
al., 2015), o papel da diversidade de árvores na resposta das florestas tropicais ao clima futuro 
ainda é amplamente desconhecido. Essa é uma questão difícil de ser estudada e cujas 
respostas são limitadas pelo raso conhecimento dessa diversidade e bem como dos 
mecanismos de resistência ao estresse abiótico em espécies arbóreas. No entanto, essa questão 
possui uma relevância central para a manutenção dos serviços ecossistêmicos e, 
consequentemente, para a qualidade de vida humana no planeta. 
Gradientes climáticos oferecem uma oportunidade ideal para estudos de adaptação 
de árvores a variações no clima, já que climas divergentes podem impor limitações diferentes 
que vão selecionar árvores com características diferentes (DE FRENNE et al., 2013). 
Particularmente no caso desses organismos sésseis e de longo tempo de vida, as pressões 
seletivas atuam de maneira marcante, uma vez que os indivíduos não podem escapar de 
alterações ambientais diárias, sazonais e interanuais. Por outro lado, árvores frequentemente 
apresentam características como sistemas reprodutivos com altos níveis de fluxo gênico e alta 
fecundidade, que tendem a reduzir a força da seleção (SAVOLAINEN; PYHÄJÄRVI; 
KNÜRR, 2007). Desta forma, árvores com ampla distribuição geográfica ao longo de 
gradientes climáticos representam um modelo biológico ideal para se analisar os efeitos de 




SAVOLAINEN; LASCOUX; MERILÄ, 2013; SAVOLAINEN; PYHÄJÄRVI; KNÜRR, 
2007). 
Diferentes estudos tem apresentado evidências de adaptação local em árvores em 
escalas espaciais relativamente pequenas, onde seria esperado que altos níveis de fluxo gênico 
pudessem superar a força de seleção (CSILLÉRY et al., 2014; HOLLIDAY et al., 2016; 
LIND et al., 2017; VANGESTEL et al., 2016). No entanto, estudos adaptativos tem sido 
pouco explorados em árvores tropicais, que representam uma porção excepcional das espécies 
de árvores do mundo (SLIK et al., 2015). Além da falta de conhecimento biológico prévio, é 
comum que faltem recursos financeiros e infraestrutura para pesquisa nos países que abrigam 
florestas tropicais, de forma a limitar avanços nesse conhecimento. 
Nos propusemos aqui a investigar se espécies de árvores tipicamente tropicais, 
com ampla distribuição, expostas a climas heterogêneos, apresentam sinais de divergência 
adaptativa funcionalmente associados ao contexto ambiental. Dois capítulos que serão 
apresentados nesta tese exploraram a diversidade interpopulacional em duas espécies arbóreas 
pertencentes a um gênero pantropical e costeiro, mas que também pode ser encontrado em 
algumas regiões costeiras subtropicais: Avicennia (Acanthaceae) (TOMLINSON, 1986). As 
espécies estudadas, A. germinans e A. schaueriana são exclusivas da região biogeográfica dos 
oceanos Atlântico e do leste do Pacífico, que divergem das espécies congenéricas da região 
dos oceanos Índico e oeste do Pacífico (LI et al., 2016b). Elas são espécies fundadoras 
abundantes nos manguezais brasileiros e podem ocorrer em simpatria, embora haja algumas 
importantes diferenças na suas distribuições. 
Nossas perguntas de pesquisa foram: 
(1) A variabilidade climática em um amplo gradiente latitudinal pode moldar a 
diversidade genética de Avicennia?  
(2) A variabilidade no acesso à agua do solo em um gradiente de disponibilidade 
de água doce de rios e de chuvas pode moldar a diversidade genética de Avicennia?  
(3) Quais as regiões do genoma afetadas por essa variabilidade ambiental? 
 
Do ponto de vista genético e biológico essas espécies são pouco estudadas, por 
isso, a nossa investigação foi pioneira em vários aspectos. Apesar de não terem seus genomas 
sequenciados, atualmente existem métodos desenvolvidos para a realização de uma 
amostragem incompleta, mas muito ampla dos genomas, por meio de plataformas de 
sequenciamento de nova geração (EKBLOM; GALINDO, 2011; SAVOLAINEN; 




SNYDER, 2009) para obter uma base genômica funcional dessas espécies nas nossas análises, 
pela montagem dos primeiros transcriptomas de referência dessas espécies. Esses dados 
também nos permitiram realizar análises estatísticas de expressão gênica diferencial entre 
plantas de populações de ambientes contrastantes. Além disso, utilizamos o método nextRAD 
(RUSSELLO et al., 2015) para identificar e genotipar milhares de polimorfismos genéticos, 
que foram usados em análises de genética de populações e também para a busca de locos sob 
suposto efeito de seleção. Complementarmente, para uma dessas espécies (A. schaueriana) 
conseguimos encontrar sementes (propágulos) de provenientes de latitudes contrastantes, que 
nos permitiram realizar um experimento de jardim-comum, onde comparamos plântulas 
também do ponto de vista fenotípico.  
Análises integradas dos nossos resultados revelaram a presença de variações 
consistentes com adaptação ambiental nessas espécies, sugerindo a importância da 
disponibilidade de água no ambiente (em A. germinans); e da variação em múltiplas variáveis 
climáticas ao longo do gradiente latitudinal, como temperatura, radiação solar, regime de 
chuvas, seca atmosférica e amplitude da maré (em A. schaueriana). Embora nossos resultados 
também tenham sugerido a importância de fatores neutros na organização da diversidade 
dessas espécies, variações moleculares não-neutras foram associadas a processos biológicos 
relevantes dentro do contexto ambiental. Além disso, evidências de seleção foram 
encontradas desde escalas espaciais muito amplas (do litoral Norte a Sul do Brasil, em A. 
schaueriana) a escalas muito pequenas (apenas poucos metros de distância, em A. 
germinans). Nossos achados destacam a relevância dessas variáveis na seleção ambiental 
dessas árvores tropicais, apesar da possibilidade de fluxo gênico, dada a enorme capacidade 
de dispersão de propágulos de árvores de mangue (MORI et al., 2015; TAKAYAMA et al., 
2013). Desta forma, nós contribuímos para o entendimento de forças ambientais que 
influenciam na diversificação de árvores tropicais. 
A conclusão principal apresentada nesta tese foi que a variabilidade ambiental 
observada em um gradiente latitudinal e em um gradiente de disponibilidade de água pode 
moldar a diversidade genética adaptativa em Avicennia. A argumentação começa com uma 
breve revisão bibliográfica para o aprofundamento de alguns tópicos básicos abordados nesta 
introdução, seguida pela apresentação dos estudos desenvolvidos em um gradiente latitudinal, 
para A. schaueriana (Capítulo 1), e em um gradiente de disponibilidade de água para A. 
germinans (Capítulo 2), ambos em formato de artigos, que estão em fase de revisão por pares 
em revistas científicas. Ao final da tese, apresento um resumo dos resultados, seguido das 




2. Revisão Bibliográfica 
2.1. Conservação da diversidade genética no contexto das mudanças 
climáticas 
De acordo com o 5º relatório de avaliação (AR5) do Painel Intergovernamental de 
Mudanças Climáticas (IPCC, do acrônimo em inglês “Intergovernmental Panel on Climate 
Change”) da Organização das Nações Unidas, a maioria das mudanças que vem sendo 
observadas no clima do planeta desde 1950 são sem precedentes ao longo de milênios (IPCC, 
2014). Entre as alterações observadas, destacam-se o aumento na temperatura média 
atmosférica, na temperatura e acidez dos oceanos, no nível do mar, na frequência de eventos 
extremos, a diminuição da cobertura de neve e de calotas polares, além de alterações nos 
regimes de chuva e na salinidade da água do mar. Segundo o AR5, é altamente provável (95% 
de confiança) que a causa dominante dessas alterações seja a crescente emissão de gases do 
efeito estufa desde a revolução industrial decorrente do crescimento econômico e 
populacional, aumentando a concentração atmosférica de gás carbono (CO2), metano (CH4) e 
óxido nitroso (N2O), a uma taxa sem precedência há pelo menos 800.000 anos. 
Consequências já observadas dessas mudanças ambientais sobre os seres vivos 
tem sido amplamente reportadas em artigos científicos. Alterações na distribuição e 
abundância de espécies e extinções locais em ecossistemas aquáticos e terrestres (HOEGH-
GULDBERG; BRUNO, 2010; PECL et al., 2017; WIENS, 2016), além de alterações 
fenotípicas (SHERIDAN; BICKFORD, 2011) e impactos negativos sobre atividades 
agrícolas, pecuárias e pesqueiras (LESK; ROWHANI; RAMANKUTTY, 2016; ROJAS-
DOWNING et al., 2017; ROSENZWEIG et al., 2014; SUMAILA et al., 2011) tem sido 
associados às mudanças climáticas antropogênicas. Por sua vez, essas alterações tem 
modificado as relações interespecíficas e a composição das comunidades (OCKENDON et 
al., 2014; PARMESAN; YOHE, 2003). 
O AR5 do IPCC se baseia nesses dados históricos para apresentar previsões para 
as alterações climáticas futuras, indicando ainda suas prováveis consequências e propondo 
estratégias de adaptação e mitigação dos impactos previstos. As previsões são alarmantes: 
apontam que as temperaturas médias aumentarão mais 4,3 ± 0,7 °C até 2100, que muito 
provavelmente ocorrerá um aumento na frequência, intensidade e duração de ondas de calor, 
na temperatura e acidez dos oceanos e no nível médio do mar, além de que, observaremos 





Figura 1. Projeções médias de múltiplos modelos para o período de 2081 a 2100 nos cenários RCP2.6 
(à esquerda, pressupõe que haverá uma mitigação rigorosa na emissão de gases do efeito estufa) e 
RCP8.5 (à direita, pressupõe emissão muito alta de gases do efeito estufa). (a-b) Mudança na 
temperatura média anual, (c-d) mudança na precipitação média anual e (e-f) mudança no nível médio 
do mar. As alterações são mostradas em relação ao período 1986-2005. O número de modelos usados 
para calcular a média de vários modelos é indicado no canto superior direito de cada painel. Áreas 
pontilhadas em (a-d) indicam regiões onde a mudança projetada é grande em relação à variabilidade 
interna natural (maior que dois desvios padrão da variabilidade interna em médias de 20 anos) e onde 
90% dos modelos concordam no sinal de mudança. Áreas tracejadas em (a-d) mostram regiões onde a 
variação projetada é menor do que um desvio padrão da variabilidade interna natural em médias de 20 
anos. {Working Group I Figure SPM.8, Figure 13.20, Box 12.1} Figura e legenda extraídos do 
Synthesis Report do 5º Relatório de Avaliação (AR5) do Painel Intergovernamental de Mudanças 
Climáticas (IPCC) (Figura 2.2, p. 61) (IPCC, 2014). 
 
Diante dessas mudanças projetadas para o fim deste século, uma população de 
poderá evitar sua extinção pela sua capacidade de migrar e se estabelecer em novas áreas 





Mudança na precipitação média anual (1986-2005 a 2081-2100)
Mudança no nível médio do mar (1986-2005 a 2081-2100)




mudança ambiental (LOARIE et al., 2009). Caso haja quaisquer limitações na capacidade de 
migração, uma dada população poderá se adaptar às mudanças ambientais por meio do 
aumento da frequência de variantes mais ajustados ao novo ambiente no seu conjunto 
genético, que deverá ocorrer na mesma velocidade das mudanças climáticas (SAVOLAINEN; 
PYHÄJÄRVI; KNÜRR, 2007). Complementarmente, quando a magnitude da variabilidade 
genética da população for insuficiente pra gerar fenótipos diferentes, a aclimatação dos 
indivíduos às novas condições ambientais da região que ocupam poderá ocorrer por meio de 
alterações fenotípicas que melhorem seu ajuste ao ambiente, sem que haja alteração no 
genótipo ou nas frequências alélicas da população ao longo do tempo (NICOTRA et al., 2010; 
VALLADARES; SANCHEZ-GOMEZ; ZAVALA, 2006). Esse mecanismo, chamado 
plasticidade fenotípica adaptativa, pode surgir muito rapidamente na expressão gênica, 
comportamental, no crescimento, na reprodução, fisiologia e morfologia dos indivíduos de 
uma população. 
Limitações na capacidade de migração, de adaptação e de plasticidade fenotípica 
tem o potencial de causar prejuízos dramáticos para a diversidade de espécies selvagens, 
ameaçando a manutenção de serviços ecossistêmicos essenciais (PECL et al., 2017). Os 
impactos desses prejuízos serão desproporcionais, ocorrendo de forma mais marcante nas 
populações mais pobres e de países em desenvolvimento, uma vez que suas oportunidades de 
se mudar para áreas mais seguras são mais limitadas e já que há uma grande desigualdade no 
acesso aos recursos naturais (IPCC, 2014). Segundo o relatório do Banco Mundial, até o ano 
de 2050, as mudanças climáticas forçarão mais de 143 milhões de pessoas da África 
Subsaariana, do sul Asiático e da América Latina, a migrar em seus países para sobreviver à 
falta de alimentos, à escassez de água e ao aumento do nível do mar (RIGAUD et al., 2018). 
Para reduzir a vulnerabilidade e a exposição de populações humanas, dos recursos 
naturais, da agricultura, da pecuária e da pesca aos impactos negativos do aumento na 
intensidade e frequência de eventos extremos, o AR5 propõe, além de uma redução 
substancial das emissões de gases do efeito estufa, abordagens como a conservação da 
diversidade genética das populações naturais, a migração e dispersão assistida de espécies, a 
preservação e recuperação de florestas e o reflorestamento (IPCC, 2014). Uma vez que há um 
consenso geral de que toda a resposta evolutiva à seleção requer a presença de variação 
hereditária, tais abordagens visam a aumentar a capacidade inerente dos ecossistemas e das 
populações de responder às condições ambientais do futuro, garantindo a manutenção dos 




Nesse contexto, cresce a cada dia o número de estudos sobre a diversidade 
genética intraespecífica, que geram informações básicas para o delineamento de estratégias de 
conservação e manejo, além de permitirem inferir sobre o potencial de sobrevivência por 
adaptação, aclimatação e migração de diferentes espécies (HAMANN; AITKEN, 2013; 
HOFFMANN; SGRÒ, 2011). Estudos sobre a diversidade genética neutra são amplamente 
utilizados para atribuir indivíduos a uma população de origem, estimar os níveis de variação 
genética existente nas populações, bem como os níveis de endogamia e de transferência de 
variação genética entre populações (fluxo gênico), além de delimitar espécies e inferir sobre 
seu modo de vida e sua história demográfica (PERTOLDI; BIJLSMA; LOESCHCKE, 2007). 
Além disso, somos cada vez mais capazes de caracterizar regiões genômicas codificantes e 
regulatórias da expressão gênica, que são promissoras para a busca de relações causais entre 
polimorfismos moleculares e medidas de sucesso baseadas em fenótipo (OUBORG et al., 
2010). Essas investigações da variação genética não-neutra, ou adaptativa, portanto, 
aumentam as possibilidades de se prever a potencial resposta evolutiva de diferentes 
populações às mudanças ambientais. 
2.2. Uso de tecnologias de sequenciamento de nova geração para o 
estudo da variação molecular adaptativa 
Uma característica adaptativa é um produto da seleção natural que aumenta a 
sobrevivência ou capacidade de reprodução de um organismo (aptidão) em um dado contexto 
ambiental e que pode ser transmitida de forma estável ao longo das gerações. No nível 
molecular, uma variação adaptativa pode ser uma variante genética (alelo) ou epigenética 
(epialelo) hereditária que afeta a expressão de uma característica física observável (fenótipo) e 
aumenta a aptidão de um organismo (HARTL; CLARK, 2010). 
Embora se reconheça que variações adaptativas estejam amplamente distribuídas 
nas populações naturais de diferentes espécies, conectar genótipo-fenótipo-aptidão, 
desvelando a base molecular dessas adaptações, tem sido um desafio histórico para os 
biólogos evolucionistas (BARRETT; HOEKSTRA, 2011; SAVOLAINEN; LASCOUX; 
MERILÄ, 2013). Os desafios para os avanços nesse conhecimento incluem a escassez de 
conhecimento biológico básico e de recursos genômicos para a grande maioria das espécies, 
dificuldades de realização de experimentos rigorosos para muitos organismos não-modelo, 
além da complexa base genômica das adaptações, como a natureza geralmente poligênica das 
características quantitativas, penetrância incompleta, plasticidade fenotípica, e ainda 




número representativo de polimorfismos hereditários (marcadores moleculares), indivíduos e 
populações. 
Muitas limitações dos estudos adaptativos vem sendo superadas ou minimizadas 
desde o surgimento das tecnologias de sequenciamento de nova geração (NGS, do acrônimo 
em inglês “Next-generation Sequencing”), em 2008 (DAVEY et al., 2011). Essa tecnologia 
provocou uma queda acelerada dos custos relativos de sequenciamento (WETTERSTRAND, 
2018) (Figura 2), de maneira que o sequenciamento amplo ou completo do genoma se tornou 
possível mesmo para espécies que não possuem interesse econômico e não dispõem de 
conhecimento genômico prévio (DAVEY et al., 2011).  
 
 
Figura 2. Evolução do custo de sequenciamento de DNA. Os custos se referem às atividades de 
produção no National Human Genome Research Institute (NHGRI) Genome Sequencing Program, dos 
Estados Unidos. O cálculo dos custos inclui mão de obra, administração, gerenciamento, reagentes e 
consumíveis, equipamentos de laboratório, atividades de informática diretamente relacionadas à 
produção de sequências e envio de dados para um banco de dados público (WETTERSTRAND, 2018) 
(Dados: NHGRI). 
 
Uma abordagem de NGS usada para a investigação da variação molecular intra-
específica é a transcriptômica comparativa pela técnica de RNA-Sequencing (RNA-Seq) 
(WANG; GERSTEIN; SNYDER, 2009). A metodologia se baseia no sequenciamento do 
DNA complementar (cDNA) produzido a partir do RNA-mensageiro (mRNA) obtido de uma 
ou mais amostras biológicas. Os dados permitem realizar a montagem de novo de transcritos 
gênicos ou regulatórios da expressão gênica, além de quantificar sua abundância em amostras 
diferentes e identificar genes, vias metabólicas e redes genéticas associadas a uma divergência 
fenotípica de interesse econômico ou ecológico (ALVAREZ; SCHREY; RICHARDS, 2015; 
PARDO-DIAZ; SALAZAR; JIGGINS, 2015; PAVEY; NOSIL; ROGERS, 2010). Como as 
alterações na expressão gênica podem surgir nas populações muito mais rapidamente do que 


















































































descendência, elas representam um importante componente dos processos adaptativos 
(OLEKSIAK; CHURCHILL; CRAWFORD, 2002). No entanto, como ocorre com qualquer 
característica, nem toda variação na expressão gênica é adaptativa. O transcriptoma é 
influenciado por fatores ambientais e genéticos, sendo altamente sensível até às mais sutis 
variações ambientais, às demandas metabólicas durante cada estágio de desenvolvimento e 
variável quanto ao tipo celular (WHITEHEAD; CRAWFORD, 2006). Mudanças no nível de 
expressão gênica também ultrapassam o nível do indivíduo, sendo comuns entre indivíduos, 
populações e espécies diferentes (WHITEHEAD; CRAWFORD, 2006). Essa natureza 
dinâmica e a altamente variável do transcriptoma dificulta a separação do papel relativo do 
efeito da plasticidade e da adaptação nos estudos de transcriptômica comparativa. Por isso, é 
essencial que se faça um delineamento experimental e uma análise de dados cuidadosos e que 
se utilize metodologias estatísticas adequadas para a comparação entre amostras, a fim de 
superar esses desafios e ter um máximo aproveitamento do potencial da técnica de RNA-Seq 
(AUER; DOERGE, 2010; ROBLES et al., 2012). Os requisitos para um delineamento 
experimental adequado incluem a utilização de réplicas e o controle de variáveis bióticas ou 
abióticas, a depender da pergunta de pesquisa. Por exemplo, busca-se limitar a variação 
ambiental em comparações de amostras biológicas diferentes, ou limitar a variação biológica, 
para se comparar o efeito de ambientes diferentes. 
Outras abordagens de NGS possibilitam uma ampla amostragem de todo o 
genoma para a descoberta de variações nucleotídicas presentes em regiões neutras, gênicas ou 
regulatórias. A obtenção de marcadores moleculares em grande densidade proporciona uma 
alta precisão das estimativas de diversidade genética, de estrutura populacional e da história 
demográfica, e auxilia na busca de base genética de características fenotípicas adaptativas ou 
de fatores ecológicos importantes para a adaptação (DAVEY et al., 2011; EKBLOM; 
GALINDO, 2011; NARUM et al., 2013). O tipo de marcador molecular mais utilizado 
atualmente são polimorfismos de uma única base no DNA, chamados SNPs (do inglês “single 
nucleotide polymorphisms”), um dos tipos de variação genética mais abundantes na maioria 
dos genomas (MORIN; LUIKART; WAYNE, 2004). No sentido de se identificar 
polimorfismos genéticos sob efeito de seleção natural a partir de dados de genotipagem em 
larga-escala, diversas metodologias estatísticas tem sido empregadas (HAASL; PAYSEUR, 
2016). A abordagem mais tradicional se baseia na detecção de SNPs outliers de FST 
(LEWONTIN; KRAKAUER, 1973). Esses locos outliers apresentam valor estimado de 
diferenciação interpopulacional (FST) maior do que seria esperado somente sob efeito de 




natural (CAVALLI-SFORZA, 1996). Pelas abordagens baseadas em FST, a base genética da 
adaptação pode ser inferida sem que se tenha conhecimento do tipo de força seletiva atuante 
ou das características fenotípicas alvo da seleção natural. Os locos candidatos são 
identificados exclusivamente pelos padrões genéticos de divergência observados 
(BEAUMONT; NICHOLS, 1996). Enquanto métodos baseados em FST testam 
indiscriminadamente qualquer tipo de seleção, outros métodos estatísticos testam 
explicitamente a ocorrência de seleção ambiental, pela detecção da relação entre genótipo e 
ambiente (FRICHOT; FRANÇOIS, 2015; GÜNTHER; COOP, 2013; JOOST et al., 2007). 
Abordagens baseadas na relação genótipo-ambiente partem do princípio de que populações 
distribuídas ao longo de gradientes ambientais apresentarão alterações nas frequências alélicas 
ao longo do espaço geográfico associadas à variação ambiental existente, como resultado da 
seleção ambiental. Tais abordagens requerem, no entanto, além dos dados genéticos, a 
obtenção de informações ambientais potencialmente relevantes para a adaptação para a 
realização das análises. 
Diante do crescente número de métodos estatísticos que identificam locos com 
sinais de seleção, baseados em premissas evolutivas e em estratégias diferentes de correção 
para falso-positivos (FRANÇOIS et al., 2016), alguns estudos comparativos utilizam dados 
simulados para testar as performances de diferentes abordagens. Esses estudos indicam que a 
precisão de cada método é muito dependente da estratégia de amostragem dos indivíduos, das 
histórias demográficas e do grau de independência evolutiva das populações, variando de 
acordo com características específicas de cada conjunto de dados analisado (LOTTERHOS; 
WHITLOCK, 2014, 2015). Outra limitação das estratégias de detecção de sinais de seleção 
apontada por diferentes autores é que, seja por métodos baseados em FST ou por associação 
ambiental, elas podem não distinguir entre os alvos direta e indiretamente afetados pela 
seleção. Ou seja, um loco cujas frequências alélicas mudam devido ao seu efeito na aptidão 
pode apresentar os mesmos sinais estatísticos que outro loco correlacionado a ele, mas que 
não afeta a característica sob seleção (BARRETT; HOEKSTRA, 2011). Desta forma, é 
fundamental que se faça uma interpretação muito cautelosa dos resultados obtidos nos testes 
de detecção de sinais de seleção, visto que esses dados são incompletos e, potencialmente 
incorretos (NARUM; HESS, 2011). Neste contexto, é extremamente valiosa a combinação de 
múltiplas abordagens ecológicas e genéticas em estudos sobre os mecanismos que geram 
adaptação nas populações naturais (BARRETT; HOEKSTRA, 2011; PERTOLDI; BIJLSMA; 




2.3. Importância ecológica do ecossistema manguezal 
Os ecossistemas marinhos e costeiros estão entre os mais impactados pelas 
mudanças climáticas globais (BEAUMONT et al., 2011; ELLISON, 2015; LOARIE et al., 
2009). A elevação do nível do mar, as alterações na pluviosidade, o aumento da temperatura, 
a acidificação e desoxigenação dos oceanos são as principais ameaças a esses ecossistemas 
(BRUNO et al., 2018; DONEY et al., 2012; HOEGH-GULDBERG; BRUNO, 2010). Tais 
alterações, aliadas às pressões humanas diretas, como o crescimento da aquicultura, da 
agricultura, a pressão urbana e industrial e o aporte de poluentes, colocam as zonas úmidas 
costeiras entre os sistemas mais ameaçados do planeta (AUKEMA et al., 2017; DUKE et al., 
2007). Mesmo sob cenários de mitigação otimistas, os impactos das mudanças climáticas 
sobre as essas regiões devem continuar aumentando nas próximas décadas (IPCC, 2014). 
Nesse contexto, preservar, recuperar e reflorestar os ecossistemas costeiros, 
particularmente, os manguezais, estão entre as estratégias de mitigação sugeridas no AR5 do 
IPCC (IPCC, 2014). Diversas características dos manguezais favorecem essas sugestões do 
IPCC. Embora sua distribuição global seja restrita às estreitas zonas entre marés de latitudes 
tropicais e subtropicais (TOMLINSON, 1986) (Figura 3), com uma área, portanto, 
relativamente pequena em comparação a outros tipos florestais, os manguezais estão entre os 
ecossistemas mais ricos em carbono de todo o mundo (DONATO et al., 2011). Junto a outras 
comunidades de zonas úmidas costeiras, como os marismas, os manguezais são apontados 
como os melhores sumidouros de carbono para a mitigação das mudanças climáticas 
(SUTTON‐GRIER; HOWARD, 2018). Isso ocorre porque os solos de marismas e 
manguezais são muito pouco oxigenados, frequentemente submersos e, portanto, 
desfavoráveis para a decomposição da matéria orgânica, conferindo a esses ecossistemas uma 
capacidade de estoque de carbono superior à observada nos principais tipos de florestas 
tropicais do mundo (KAUFFMAN et al., 2018). A maior parte do carbono estocado nos 
manguezais se encontra, portanto, no subsolo (KAUFFMAN et al., 2018). O desmatamento 
dessas áreas, sua drenagem e sua conversão para fazendas de aquicultura ou agricultura, além 
de diminuir o estoque de carbono em forma de biomassa viva, emite enormes quantidades de 
gases do efeito estufa presentes no substrato, superiores, por exemplo, às quantidades 
emitidas na conversão da floresta Amazônica em pasto (KAUFFMAN et al., 2017). O Brasil 
tem uma importância global pelo seu potencial valor para a mitigação das mudanças no clima, 
sendo o segundo país em extensão de áreas de manguezal do mundo (Figura 4a) e também o 





Figura 3. Distribuição global de áreas de manguezal (verde) (GIRI et al., 2011). Área pontilhada 
representa o limite entre as duas principais regiões biogeográficas dos manguezais do mundo, 
Atlântico-Leste do Pacífico e Indo-Oeste do Pacífico. 
 
 
Figura 4. Ranking de dez países com florestas de mangue do mundo baseado em: (a) Cobertura 
vegetal  (dados: HAMILTON; CASEY, 2016) e (b) Percentual do total global estimado de biomassa 
de mangues acima do solo (dados: SIMARD et al., 2019). 
 
Além da sua relevância como “dreno” de carbono atmosférico, os manguezais 
prestam uma série de outros serviços ecossistêmicos que geram qualidade de vida, proteção e 
renda para populações humanas, bem como economias substanciais de recursos financeiros 
(BARBIER et al., 2011; COSTANZA et al., 2014; DE GROOT et al., 2012; LEE et al., 2014; 
UNEP, 2014). Eles são dominados por um grupo polifilético de árvores características, com 
uma série de convergências adaptativas que lhes permitem sobreviver às condições 
ambientais consideradas hostis para outras angiospermas – p. ex. solos pouco oxigenados e 






























































































































outras adaptações, essas árvores apresentam raízes aéreas que permitem realizar trocas 
gasosas diretamente com a atmosfera e que conferem sustentação mecânica num substrato 
instável e lodoso (Figura 5). Essas raízes também fornecem um ambiente protegido de 
predadores de grande porte, propício para a proteção, alimentação e reprodução de uma 
enorme diversidade de organismos aquáticos e terrestres (NAGELKERKEN et al., 2008). 
Deste modo, apesar da baixa riqueza de plantas vasculares, os manguezais fornecem habitat 
para uma enorme variedade de algas e cianobactérias e são considerados “berçários” de 
espécies animais de importância ecológica e econômica, exploradas tanto para a subsistência 
como em escala industrial (NAGELKERKEN, 2009). A estrutura das raízes aéreas favorece a 
retenção de sedimentos e matéria orgânica, num processo extremamente importante para as 
zonas úmidas costeiras, que influencia na concentração de nutrientes no solo, na 
produtividade vegetal e determina a elevação do solo (“vertical accretion”, em inglês) em 
resposta ao aumento no nível do mar (KRAUSS et al., 2014; MCKEE; CAHOON; FELLER, 
2007).  
 
Figura 5. Estrutura aérea formada por raízes de mangues dos tipos: escora, como as observadas em 
espécies do gênero Rhizophora L. (Rhizophoraceae) (a) e pneumatóforos, como as observadas em 
Avicennia L. (Acanthaceae) (b). Fotos: Gustavo M. Mori e Mariana V. Cruz. 
Muitos manguezais tem persistido há milênios relativamente inalterados 
(GILMAN et al., 2008), reduzindo a vulnerabilidade de comunidades costeiras diante das 
alterações históricas e recentes no nível do mar e da ação das ondas, dos ventos, das 
tempestades tropicais e tsunamis, demonstrando grande capacidade de resiliência frente a 
eventos extremos (ALONGI, 2008; BAYAS et al., 2011; KATHIRESAN; RAJENDRAN, 
2005; SPALDING et al., 2014). Além disso, devido à posição que ocupam, na transição entre 




ambientes submarinos e terrestres, por meio do movimento da água e da fauna, intensificando 




Figura 6. Mosaico de habitats conectados: recife de coral, ervas marinhas, manguezal e floresta 
tropical pluvial em Vanuatu, no Pacífico Sul. Foto: Sea Shaw, 2015 (licença Creative Commons, CC 
BY-NC 2.0). 
 
Enormes desafios estão envolvidos na preservação dos manguezais e na 
manutenção dos serviços ecossistêmicos prestados por eles, sejam de impactos 
socioeconômicos locais (p. ex. redução da pobreza e proteção costeira) ou globais (p. ex. 
estoque de carbono e fornecimento habitat para animais explorados pela indústria pesqueira). 
As maiores áreas de manguezal do mundo estão distribuídas em países em desenvolvimento 
(Figura 4) que, embora muitas vezes não sejam grandes emissores de carbono (MUNTEAN et 
al., 2018), devem sofrer os maiores impactos negativos das mudanças climáticas globais 
(IPCC, 2014). Nesses países, a intensificação da urbanização costeira poderá limitar a 
migração dos manguezais para áreas mais elevadas em resposta ao aumento do nível do mar 
(BORCHERT et al., 2018). Além disso, maiores restrições poderão ser impostas pela baixa 
diversidade genética observada em muitas espécies vegetais dominantes de manguezais (GUO 
et al., 2018), que diminui o potencial adaptativo dessas espécies frente às alterações 
ambientais. O sucesso da conservação dos manguezais para a mitigação dos impactos das 




diferentes países – industrializados e em desenvolvimento – e da incorporação de informações 
biológicas e genéticas nos planos de manejo e conservação. 
2.4. O gênero de mangue Avicennia L. (Acanthaceae) 
O termo “mangue” pode ser usado pra descrever, tanto o ecossistema quanto o 
grupo polifilético de aproximadamente 70 espécies de árvores que desenvolveram adaptações 
que lhes permitem viver exclusivamente neste ambiente costeiro, marcado pela alta 
salinidade, por inundações frequentes e por solos pouco oxigenados (TOMLINSON, 1986). 
As convergências adaptativas apresentadas pelos mangues incluem mecanismos de exclusão 
de sal; a capacidade de manutenção de baixos potenciais hídricos e altas concentrações de sal 
intracelular, fatores que auxiliam na regulação da pressão osmótica; a presença de raízes 
aéreas com aerênquima e lenticelas, que facilitam a difusão do oxigênio atmosférico para as 
raízes; e a produção de frutos vivíparos, que germinam ainda ligados à planta mãe e são 
flutuantes e fotossintetizantes, se mantendo viáveis em água salgada por longos períodos de 
tempo (RABINOWITZ, 1978; TOMLINSON, 1986).  
Os dois gêneros de mangue com maior distribuição global são Avicennia L., 
provavelmente derivado da família Acanthaceae (SCHWARZBACH; MCDADE, 2002) 
(Figura 7), e Rhizophora L., gênero da família Rhizophoraceae (JUNCOSA; TOMLINSON, 
1988). Ambos são os únicos gêneros encontrados nas duas principais regiões biogeográficas 
dos manguezais do mundo, as regiões do velho mundo, chamada de Indo-Oeste do Pacífico 
(ou IWP, do inglês “Indo-West Pacific”), e do novo mundo, chamada de Atlântico-Leste do 
Pacífico (ou AEP, do inglês “Atlantic-East Pacific”) (DUKE; BALL; ELLISON, 1998; 
ELLISON; FARNSWORTH; MERKT, 1999)  (Figura 3). Mas notadamente, Avicennia é 
encontrada ao longo de uma maior amplitude de latitudes e da topografia costeira do que 






Figura 7. Indivíduo de Avicennia germinans em um manguezal na Flórida. Foto: Judy Gallagher, 
2017 (licença Creative Commons, CC BY-NC 2.0). 
 
O principal fator limitante para que árvores, como os mangues, possam crescer em 
ambientes salinos é o alto risco de cavitação, ou seja, a formação de bolhas de ar nos vasos do 
xilema, que causa a interrupção do transporte hídrico (COCHARD, 2006). Esse risco aumenta 
sob condições de falta de água ou desidratação, de modo que as condições ambientais mais 
comumente associadas com os limites da distribuição, abundância e riqueza de espécies de 
mangue ao redor do globo, são a alta frequência ou intensidade da seca e de temperaturas 
congelantes (OSLAND et al., 2017). Por essa razão, estudos comparativos sugerem que a 
capacidade de Avicennia de tolerar condições ecológicas mais amplas que Rhizophora e os 
demais mangues pode ser explicada uma série de características fenotípicas que conferem 
mecanismos mais seguros diante do risco de cavitação nas espécies desse gênero. Por 
exemplo, estudos de diferentes espécies e gêneros de mangue em diferentes continentes e 
localidades indicam que os diâmetros dos vasos do xilema em espécies do gênero Avicennia 
muitas vezes possuem menor diâmetro e comprimento, podendo ser também mais numerosos 
do que nas espécies de outros gêneros, presentes em simpatria (COOK-PATTON; 




características dos vasos minimizam as chances de interrupção no transporte hídrico causada 
por cavitação, de modo que existe um trade-off na construção de uma anatomia hidráulica que 
seja resistente à cavitação, mas também eficiente no transporte de água e nutrientes (HACKE 
et al., 2006; LOVELOCK et al., 2006). Além disso, Avicennia é o único gênero de mangue 
que apresenta crescimento secundário por múltiplos e sucessivos câmbios vasculares ativos – 
tecido meristemático que dá origem ao xilema e floema secundários – em vez de um único 
câmbio (ROBERT et al., 2011). Como resultado, somente as espécies do gênero Avicennia 
apresentam um xilema com vasos condutores alternado com faixas de floema interno no caule 
(Figura 8). Essa característica pode ser um importante mecanismo que possibilita a reversão 
da cavitação nos vasos, por meio do transporte de água e solutos, via processos passivos e 
ativos. As bolhas de ar formadas nos vasos desencadeiam uma secreção de solutos presentes 
no floema, mediado por proteínas de transporte ativo entre membranas, as aquaporinas 
(STEPPE et al., 2012). Em seguida, ocorre o transporte passivo de água de células vizinhas 
em direção ao vaso embolizado, por osmose (BRODERSEN et al., 2010; HOLBROOK; 
ZWIENIECKI, 1999). Se a bolha formada for preenchida novamente, os vasos podem se 
tornar funcionais novamente (BRODERSEN et al., 2010). Portanto, a presença de faixas de 
floema interno no caule de Avicennia, proporciona uma maior zona de contato entre floema e 
xilema, que pode ser um importante diferencial na capacidade de restauração do transporte 
hidráulico sob condições ambientais de déficit hídrico (NARDINI; LO; SALLEO, 2011; 
ROBERT et al., 2011). Adicionalmente, a distribuição mais ampla de Avicennia em relação a 
outros gêneros pode ser facilitada por um mecanismo de absorção de água pelas folhas, que 
pode conferir uma vantagem substancial para que plantas vasculares se reidratem e cresçam 
sob condições de acesso limitado à água no solo (SCHREEL; STEPPE, 2019). Foram 
observados em A. marina  “surtos” de incrementos no diâmetro do caule após eventos de 
chuva, causados pela absorção de água na copa e subsequente redistribuição para o caule e as 
raízes (STEPPE et al., 2018). Os “surtos” de crescimento observados em A. marina após 
chuvas corresponderam a 95% do crescimento observado durante dois meses de experimento. 
Não se sabe se esse mecanismo de hidratação por reversão do sentido do fluxo de seiva está 
presente em outros gêneros de mangue, mas ele já foi reportado para espécies de floresta 
tropical nebulosa (ELLER; LIMA; OLIVEIRA, 2013), de terras secas (BRESHEARS et al., 
2008) e em coníferas (MAYR et al., 2014). Complementarmente, em coníferas, observou-se 
que a absorção de água pelas folhas no final do inverno possibilitou o reparo da cavitação no 





Figura 8. Representação da estrutura espacial dos tecidos condutores de Avicennia em corte 
transversal de caule. (a) Esquema representativo para comparação da organização reticulada de 
múltiplos e sucessivos câmbios vasculares em Avicennia com a estrutura observada  nos outros 
gêneros de mangue, com apenas um câmbio. Esquema adaptado de Robert et al. (2011). (b) 
Micrografia de corte transversal do caule de Avicennia schaueriana corado com Astra Blue e Safranin 
O (ampliação = 4 x). 
 
 Avicennia é um dos gêneros de mangue mais diversos do mundo, com oito 
espécies, sendo cinco delas encontradas na região biogeográfica Indo-Oeste do Pacífico 
(IWP) e três, endêmicas do Atlântico-Leste do Pacífico (AEP) (Figura 3). No Brasil são 
encontradas somente duas espécies: A. germinans (L.) L. e A. schaueriana Stapf & Leechm. 
ex Moldenke. Avicennia germinans é a espécie com mais ampla distribuição na região AEP, 
enquanto A. schaueriana, juntamente com Laguncularia racemosa (L.) C. F. Gaertn. 
(Combretaceae), é encontrada ao longo de uma maior extensão latitudinal (Figura 9) 
(SOARES et al., 2012; TOMLINSON, 1986). Em muitas localidades do litoral Brasileiro é 
possível encontrar as duas espécies em simpatria e a forma mais precisa e barata de se 




Enquanto A. germinans apresenta corola aveludada e estames longos e exsertos, A. 
schaueriana apresenta corola glabra e estames curtos. 
 
Figura 9. Mapa de distribuição global de Avicennia germinans e A. schaueriana. Outras espécies 
demangue podem estar presentes em simpatria, embora não estejam representadas nesta figura (Dados: 
Ellison, A.; Farnsworth, E.; Moore, G. 2010. The IUCN Red List of Threatened Species). 
 
 
Figura 10. Flores de Avicennia germinans e A. schaueriana com diferenças na textura das pétalas e na 
posição dos estames em relação à corola. Fotos: Gustavo M. Mori. 
 
Desde 2008 nosso grupo de pesquisa tem desenvolvido no Laboratório de 
Análises Genéticas e Moleculares da UNICAMP estudos moleculares e ecológicos de A. 
germinans e A. schaueriana e de espécies do gênero Rhizophora que ocorrem no litoral 
Brasileiro. Esses estudos permitiram avançar substancialmente no conhecimento da biologia 
das espécies, da organização da sua diversidade genética e da sua história evolutiva. Foram 
desenvolvidos marcadores supostamente neutros – do tipo microssatélite – para A. germinans, 
A. schaueriana, R. mangle L., R. harrisonii Leechman e R. racemosa Meyer (FRANCISCO et 
al., 2018; MORI et al., 2010; MORI; ZUCCHI; SOUZA, 2015), usados para estudos de 
estrutura populacional. Em escala continental, A. germinans e A. schaueriana apresentaram 

















duas grandes populações: uma ao norte e uma ao sul do Rio Grande do Norte (MORI; 
ZUCCHI; SOUZA, 2015). Também foi possível identificar indivíduos migrantes e 
provenientes de cruzamentos entre essas diferentes populações. Esse padrão também foi 
observado para R. mangle e já havia sido encontrado para outra espécie arbórea costeira 
associada a manguezais, Hibiscus pernambucensis Arruda (TAKAYAMA et al., 2008) 
(Figura 11). A estrutura encontrada para todas essas espécies é correspondente ao sentido das 
correntes marinhas superficiais que atuam no litoral brasileiro, com uma bifurcação na costa 
do Rio Grande do Norte e pode ser explicada pelo modo de dispersão de sementes ou 
propágulos das espécies, que se dá pela água do mar. 
 
 
Figura 11. Localização geográfica dos pontos de amostragem e estrutura da diversidade genética 
baseada em dados de marcadores moleculares do tipo microssatélites em espécies costeiras na costa 
Atlântica da América do Sul. Os círculos representam os locais de amostragem das diferentes espécies 
e os retângulos coloridos apresentam barras verticais representando cada indivíduo amostrado. Cada 
cor apresentada nas barras verticais representa um dos agrupamentos genéticos inferidos. 
 
Ainda utilizando marcadores microssatélites, foi possível encontrar altos valores 
de índice de endogamia tanto para A. germinans, como para A. schaueriana assim como foi 
observado para outras espécies do gênero Avicennia (ARNAUD-HAOND et al., 2006; 
CERÓN-SOUZA et al., 2012; NETTEL et al., 2008; SALAS-LEIVA; MAYOR-DURÁN; 
TORO-PEREA, 2009). Complementarmente, 24 progênies de polinização aberta, com 288 
meios-irmãos de A. schaueriana do município de Bragança-PA foi analisada. Pode-se inferir 
que a espécie apresenta um sistema misto de cruzamento, com ocorrência de endocruzamento 
biparental e presença de irmãos-completos na progênie. Esse sistema reprodutivo misto, com 
amplo espectro de polinizadores (NADIA; MENEZES; MACHADO, 2013), e auto 
compatível, associado ao modo de dispersão de sementes pelo mar (TOMLINSON, 1986), 
conferem a esta espécie um grande potencial de colonização. 
Utilizando marcadores também neutros de DNA nuclear – espaçador interno 




toda a região AEP, pode-se avaliar a distribuição da diversidade genética em uma escala 
espaço-temporal mais abrangente. Foi possível observar que A. germinans e A. schaueriana 
são de fato linhagens evolutivas independentes, mas que apresentam evidências de 
introgressão pelo compartilhamento de haplótipos, principalmente no litoral norte do Brasil, 
onde as espécies ocorrem em simpatria (MORI et al., 2015). Também foi possível observar 
um compartilhamento de haplótipos entre amostras do litoral africano e sul-americano para A. 
germinans como havia sido encontrado em R. mangle, indicando o importante papel da 
dispersão em longa distância em espécies amplamente distribuídas de mangue (TAKAYAMA 
et al., 2013). Foram ainda encontradas evidências de diferentes de flutuações demográficas 
para as populações de A. germinans e A. schaueriana. Para as amostras de A. schaueriana da 
Bahia a Santa Catarina há evidência de retração populacional entre o último período glacial 
máximo e o presente (MORI et al., 2015). Enquanto para A. germinans e para a população 
norte de A. schaueriana, foi observada uma relativa estabilidade demográfica. Apesar da 
relação filogenética entre A. germinans e A. schaueriana, essas espécies responderam de 
maneira diferente desde a última glaciação. Portanto, é possível que suas características 
ecológicas distintas possam influenciar também o seu futuro. 
A relevância dos trabalhos que tem sido desenvolvidos pelo nosso grupo de 
pesquisa vem sendo demonstrada pela sua seleção e premiação em congressos nacionais e 
internacionais, e pela sua publicação em meios de comunicação voltados para o público 
nacional e internacional, acadêmico (BAJAY et al., 2018; FRANCISCO et al., 2018; MORI et 
al., 2015; MORI; ZUCCHI; SOUZA, 2015) e não-especialista: 
• Reportagem no jornal Folha de São Paulo: “Manguebeat de Darwin” por 
Reinaldo José Lopes, publicado na sua coluna em 06 de maio de 2018. 
• Reportagem no site de Ecologia Mongabay: “Scientists find surprising genetic 
differences between Brazil’s mangroves”. 
• Reportagem no site de Ecologia ((o))eco: “Mangue não é tudo igual! Há um 





3.1. Objetivo Geral 
Investigar o papel da seleção natural na diversificação de duas espécies de 
mangue preto, Avicennia germinans (L.) L. e Avicennia schaueriana Stapf & Leechm. Ex 
Moldenke, ao longo de ambientes heterogêneos. 
3.2. Objetivos Específicos 
• Comparar características ecofisiológicas entre plântulas de Avicennia schaueriana 
provenientes de latitudes contrastantes, cultivadas em um experimento de jardim-comum; 
• Realizar uma análise da estrutura genética baseada em marcadores SNP genotipados 
em indivíduos de A. schaueriana amostrados ao longo de gradiente latitudinal (costa Atlântica 
da América do Sul); 
• Realizar uma análise da estrutura da diversidade genética baseada em marcadores SNP 
genotipados em indivíduos de Avicennia germinans amostrados ao longo de um gradiente de 
disponibilidade de água doce (costa Norte-Nordeste do Brasil); 
• Identificar e caracterizar polimorfismos que fogem às expectativas neutras de 
distribuição  – ou, com sinais de seleção natural – em A. schaueriana e A. germinans; 
• Disponibilizar e caracterizar transcriptomas de referência de A. schaueriana e A. 
germinans; 
• Analisar as diferenças de expressão gênica entre indivíduos de A. schaueriana 
amostrados sob condição de campo em latitudes contrastantes; 
• Analisar as diferenças de expressão gênica entre indivíduos de A. germinans 
provenientes de ambientes contrastantes na disponibilidade de água doce, aclimatados em 
vasos sob condições homogêneas; 
• Integrar os resultados obtidos para inferir sobre fatores ambientais importantes na 
seleção dessas espécies e sobre como as populações estudadas poderão responder às 
alterações climáticas previstas para este século; 
• Discutir implicações dos resultados que possam ser úteis para a elaboração de planos 
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Local adaptation is often a product of environmental variations in the 
geographical space and has implications for biodiversity conservation. We investigated the 
role of latitudinal heterogeneity in climate on the organization of genetic and phenotypic 
variation in the dominant coastal tree, Avicennia schaueriana. In a common garden 
experiment, samples from an equatorial region, marked by rainy-dry seasons, accumulated 
less biomass, showed lower stomatal conductance and transpiration, narrower xylem vessels, 
smaller leaves and higher reflectance of long wavelengths (red light) on the stem epidermis, 
than samples from a subtropical region, marked by warm-cold seasons. Transcriptome 
differences identified between trees sampled under field conditions at equatorial and 
subtropical sites, were enriched in functional categories as responses to temperature, solar 
radiation, water deficit, photosynthesis and cell wall biosynthesis. The diversity based on 
thousands of SNP loci revealed a north-south genetic structure. Remarkably, signatures of 
selection were identified in loci associated with photosynthesis, anthocyanin accumulation 
and the responses to osmotic and hypoxia stresses. Our results suggest the existence of 
divergence in key resource-use characteristics, likely driven by climate seasonality, based on 
water-deficit and solar radiation. These findings provide a basis for conservation plans and for 
predictions for coastal plant responses to climate change.  
Keywords 
Avicennia schaueriana (Black Mangrove); climate change; coastal ecosystems; comparative 






Adaptation is frequently a consequence of spatial variations in selective 
environmental forces acting on phenotypic diversity(HEREFORD, 2009; KAWECKI; 
EBERT, 2004). As selective forces operate, they may reduce the heritable variation within a 
population, leading to the specialization of individuals(KAWECKI; EBERT, 2004). 
Conversely, in highly stochastic environments, selection can increase the species potential for 
phenotypic plasticity(ALBERT et al., 2011). Therefore, the investigation of adaptation is 
fundamental for understanding the ability of a species to respond to environmental 
changes(AITKEN et al., 2008; JUMP; PEÑUELAS, 2005).  
Alarmingly high rates of environmental changes have been observed in over the 
last decades, particularly affecting coastal ecosystems(DUKE et al., 2007; HOEGH-
GULDBERG; BRUNO, 2010; LOARIE et al., 2009; POLIDORO et al., 2010), for instance, 
bleaching of coral reefs worldwide(NORMILE, 2016), large-scale dieback of mangrove 
communities(DUKE et al., 2017) and increased mortality of seagrass beds(MARBÀ; 
DUARTE, 2010). Further environmental changes and coastal biodiversity loss threaten 
critical socioeconomic and ecological services provided by coastal ecosystems, including 
their pivotal role as blue carbon stocks(KAUFFMAN et al., 2018). In this context, studies on 
the organization of adaptive variation of coastal habitat-forming species are necessary to 
improve predictions on the impacts of future climate conditions on marine 
ecosystems(MORAN; HARTIG; BELL, 2016) and to support efficient conservation 
practices(WEE et al., 2018).   
Coastal habitat-forming species are frequently water-dispersed over long 
distances(MORI et al., 2015; TAKAYAMA et al., 2013) and often occur across wide 
latitudinal ranges. The connectivity among populations of these species may be influenced, 
not only by their dispersion capabilities but also by means of natural selection, caused by 
varying establishing success over the broad environmental heterogeneity across 
latitudes(MARSHALL et al., 2010). For instance, distinct coastal species in the North 
Atlantic show a north-south organisation of diversity with evidences of selection for different 
thermal regimes(BRADBURY et al., 2010; CHU et al., 2014; JEFFERY et al., 2017). 
Similarly, in the Southwest Atlantic, an overlapping north-south structure of the genetic 
diversity, with reduced gene flow between northern and southern populations, has been 
observed in phylogenetically distant habitat-forming species(FRANCISCO et al., 2018; 
MORI; ZUCCHI; SOUZA, 2015; TAKAYAMA et al., 2008). In this context, one could 




environments over their latitudinal ranges, especially due to their large population 
sizes(KAWECKI; EBERT, 2004; SAVOLAINEN; PYHÄJÄRVI; KNÜRR, 2007). However, 
the neutrality of the molecular markers used in previous studies has precluded inferences 
regarding adaptive variation. The existence of local adaptation remains virtually unknown in 
species that play a central role in sustaining the coastal biodiversity in the South Atlantic. This 
limited knowledge about the organization of non-neutral variation compromises accurate 
predictions and suitable conservation efforts for sustainable management.  
Here, we tested the hypothesis that latitudinal heterogeneity in climate variables 
shape the variation of genotypes and phenotypes involved in the optimisation of resource-use 
in widely distributed coastal species. To reduce the potential for incorrect conclusions about 
selection(BARRETT; HOEKSTRA, 2011), we integrated three independent, but 
complementary approaches, making predictions as follows: (1) using a common garden 
experiment, individuals from contrasting latitudes would show genetically-based phenotypic 
divergence in ecophysiological traits; (2) under contrasting latitudes, transcriptomic changes 
would be detected in genes involved in responses to environmental variation; and (3) 
signatures of selection along the species distribution would be detected in genes involved in 
responses to latitudinal variation in air temperature, solar radiation and freshwater availability 
determined by air water vapour pressure deficit (VPD), rainfall and tidal regime. We 
considered the new-world coastal tree species, Avicennia schaueriana Stapf & Leechman ex 
Moldenke, found in the Lower Lesser Antilles and widespread from Venezuela to the 
southernmost temperate mangroves on the Atlantic coast of South America (~28 
°S)(SOARES et al., 2012) as a model to test this hypothesis. The broad latitudinal range of A. 
schaueriana, spanning wide environmental variation (Fig. 1), and the previously detected 
north-south structure of neutral variation(MORI; ZUCCHI; SOUZA, 2015), facilitate 
ecological predictions and the accumulation of divergence, motivating this choice. Our results 
indicated that fluctuations in VPD, rainfall and solar radiation may be associated with the 
observed phenotypic and genotypic variation as well as the regulation of gene expression in 
this dominant coastal tree. We discuss the implications of our results for the persistence of 






Figure 1. Geographical locations of Avicennia schaueriana sampling sites. 
Characterisation of Avicennia schaueriana sampling sites along a latitudinal gradient on 
the Atlantic coast of South America. The green-shaded area represents the presence of the 
species; coloured points represent sampling sites of propagules, used in a common garden 
experiment, and of plant tissues, used for both DNA- and RNA-sequencing; black points 
represent sampling sites of plant tissues, used for genomic DNA-sequencing only; arrows 
represent the flow directions of major oceanic currents. Environmental variation across 
sampling sites was obtained from public databases of climate (‘WorldClim’(FICK; 
HIJMANS, 2017; HIJMANS et al., 2005)) and tide variables (‘Environment Climate Data 
Sweden’(VESTBO et al., 2018)). 
Materials and Methods 
Propagule sampling 
Mature propagules were collected from 15 Avicennia schaueriana Stapf & 
Leechman ex Moldenke mother trees that were at least 100 m apart from one another, at the 
following two genetically contrasting populations(MORI; ZUCCHI; SOUZA, 2015): (1) the 
southernmost range limit of American mangroves, in the subtropical region, and (2) an 
equatorial site in one of the world’s largest macrotidal mangrove forests(KJERFVE et al., 
2002; SOUZA-FILHO et al., 2006), near the northernmost limit of the species range (Fig. 1). 
We refer to samples collected in the former site as “subtropical” and those in the latter as 
“equatorial” throughout this work. Sampling in more localities was impracticable due to the 
absence of mature propagules during fieldwork. A detailed characterisation of each of these 
contrasting sites can be found in Table 1, in the Supplementary Methods and in the 





Table 1. Characterisation of subtropical and equatorial sampling sites of propagules used in 
the common garden experiment and of plant material used for RNA-sequencing. SD: standard 
deviation. 
  Subtropical Equatorial 
Köppen-Geiger climate 
characterisation 
Temperate oceanic with 
hot summer, without a 
dry season (Cfa) 
Tropical monsoon (Am) 
Latitude (°) 28 S 0 
Annual Average tidal amplitude (m)† 0.45 (Microtidal) 4.00 (Macrotidal) 
Annual mean temperature (°C)‡ 20.1 26.4 
Minimum temperature of the coldest 
month (°C)‡ 11.8 22.0 
Maximum temperature of the 
warmest month (°C)‡ 28.7 31.1 
Annual precipitation (mm)‡ 1,435 2,216 
Precipitation of the driest month 
(mm)‡ 88 4 
Precipitation of the wettest month 
(mm)‡ 162 452 
Mean air vapour pressure deficit 
(kPa)¶ -0.436 -0.625 
Maximum air vapour pressure deficit 
(kPa)¶ -1.459 -1.799 
Mean irradiance (KJ m-2 day-1)‡ 14,270 17,414 
Maximum irradiance (KJ m-2 day-1)‡ 20,802 21,671 
Minimum irradiance (KJ m-2 day-1)‡ 8,201 13,874 
Mean sea surface salinity (g/kg)§ 35.50 34.96 
Sea surface salinity in the saltiest 
month (g/kg)§ 36.24 36.87 
Sea surface salinity in the freshest 
month (g/kg)§ 33.73 32.54 
Average day length (hours (± SD))⌁  12.103 (±1.251) 12.115 (±0.033) 







†Source: Vestbo et al. (2018). ‡Source: WorldClim(FICK; HIJMANS, 2017; HIJMANS et al., 
2005). §Source: MARSPEC(SBROCCO; BARBER, 2013). ¶Water vapour pressure deficit 




temperature’ raster layers, as the actual water vapour pressure minus the saturation water 
vapour pressure. ⌁Source: ‘daylength’ function from the R package ‘geosphere’(FORSYTHE 
et al., 1995).  
 
Comparative ecophysiology using a common garden experiment 
Propagules were germinated as described for Avicennia germinans(REEF et al., 
2015). We grew propagules in trays with local mangrove soil for two months. After this 
period, 44 similar-sized seedlings from 30 distinct mother trees, 15 from equatorial and 15 
from subtropical sites — with an average height of 18 cm, most with three leaf pairs and 
senesced cotyledons — were transplanted to 6 L pots filled with topsoil and sand (1:1). 
Seedlings were cultivated for seven months under homogenous conditions in a glasshouse at 
the University of Campinas, São Paulo, Brazil (22°49’ S 47°04’ W), where automatic sensors 
coupled with a data logger (Onset Computer Corp.) measured the atmospheric humidity and 
temperature every 15 minutes. Seedlings were irrigated daily at 10 a.m. and 5 p.m. with a 3-
minute freshwater spray. Twice a week, nutrients were added to the soil using 600 mL of 
0.4X Hoagland solution with 15.0 g L-1 NaCl per pot. Pots were rotated weekly to reduce the 
effects of environmental heterogeneity. The environmental conditions in the glasshouse were 
different from those at each sampling site, as is shown in the Supplementary information Fig. 
S2. 
The light reflectance of stems was measured in ten plants from each sampling site 
using a USB4000 spectrophotometer (OceanOptics, Inc.) coupled to a deuterium-halogen 
light source (DH-2000; OceanOptics) using a light emission range from 200-900 nm. 
Photosynthesis, stomatal conductance and transpiration rates were measured every 2.0-2.5 
hours in five six-month-old individuals from each sampling site on two different days using a 
Li-Cor 6400 XT (Li-Cor Corp.). 
After harvest, three plants without flowers or flower buds from each sampling site 
were split into leaves, stems and roots, washed with distilled water, dried for 7 days at 70 °C 
and weighed. The individual leaf area, total leaf area and leaf lamina angle per plant were 
measured through photographic analyses using ImageJ(SCHNEIDER; RASBAND; 
ELICEIRI, 2012). The specific leaf area (SLA, cm2 leaf area kg-1 leaf dry biomass) was also 
calculated for these samples. Stems were fixed in FAA (Formaldehyde Alcohol Acetic acid), 
stored in 70% alcohol for wood anatomy analysis and cut into 30-µm thick transverse 
sections. Sections were stained with a mixture of 1% Astra Blue and 50% alcohol (1:1) 
followed by 1% Safranin O. Micrographs were taken using an Olympus BX51 microscope 




quantified using ImageJ and R v.4.0.0: vessel lumen area (A), vessel density in xylem 
(number of vessels/xylem area), vessel grouping index (mean number of vessels per vessel 
grouping) and vessel lumen area in sapwood (vessel lumen area/sapwood area). The vessel 
arithmetic diameter (D) was estimated according to Scholz et al.(SCHOLZ et al., 2013). 
Shapiro-Wilk’s normality tests and Fisher’s F-tests of equality of variances were 
performed in R v.4.0.0 to determine the suitability of group comparison statistical tests. In 
comparisons between equatorial and subtropical samples, we used the unpaired Student’s T-
tests or, alternatively, Mann-Whitney-Wilcoxon tests. Multiple-group comparisons were 
conducted for the analysis of environmental conditions in the field vs. in the glasshouse using 
one-way analysis of variance (ANOVA) with Tukey’s post hoc honest significant difference 
(HSD) tests. A significance level of 0.05 was used as the alpha for all tests. The Bonferroni 
adjustment of P-values was conducted for multiple comparisons. 
 
Plant material for RNA extraction and RNA-sequencing 
Plant material used for RNA-sequencing (RNA-Seq) was collected from the 
equatorial and subtropical sites described in the “Propagule sampling” section and 
immediately stored in RNAlater (Ambion, Inc.). Because precise species identification 
requires the analysis of both vegetative branches and flower morphology, opportunities of 
sampling were limited by the reproductive phenology at each visited site. Leaves, stems and 
flowers from three adult trees at least 100 m apart were collected from July-August of 2014, 
which corresponds to the end of winter at the subtropical site and the beginning of the dry 
season at the equatorial site. To minimize the detection of differential transcripts expression 
due to circadian changes, sampling was conducted during low tide and from 10:30 AM to 
4:00 PM. A detailed description of the environmental conditions at the time of sampling is 
available in the Supplementary information Table S1. 
We extracted RNA according to Oliveira et al.(OLIVEIRA et al., 2015) and 
evaluated its integrity and purity using agarose gel electrophoresis and a NanoVue 
spectrophotometer (GE Healthcare Life Sciences). lllumina TruSeq RNA Sample Preparation 
kits (Illumina, Inc.) were used to construct cDNA libraries. cDNA quality was assessed using 
the Agilent 2100 Bioanalyzer (Agilent Technologies) and concentrations were quantified by 
qPCR using the Sequencing Library qPCR Quantification kit (Illumina, Inc.). Sequencing was 
performed using two 36-cycle TruSeq SBS paired-end kits (Illumina, Inc.) and the Genome 





Assembly and characterisation of the A. schaueriana transcriptome 
 Adapter sequences were trimmed, and 72-bp paired-end reads were filtered by 
quality (Phred score ≥ 20 for at least 70% of the read length) using the NGS QC Toolkit 
v.2.3(PATEL; JAIN, 2012). High-quality reads were used for transcriptome assembly in the 
CLC Genomics Workbench (https://www.qiagenbioinformatics.com/). We used the default 
settings, except for the distance between pairs (300-500 bp) and k-mer size (45 bp). 
Reads were mapped to transcripts using bowtie1(LANGMEAD et al., 2009) in 
single-read mode using the default parameters. Transcripts without read-mapping support 
were removed. Functional annotation was performed using blastx v.2.2.31(CAMACHO et al., 
2009) with an e-value < 1-10. NCBI RefSeq(O’LEARY et al., 2016), The Arabidopsis 
Information Resource (TAIR)(BERARDINI et al., 2015) and NCBI non-redundant (nr) 
databases were used as reference databases. We excluded transcripts that were exclusively 
similar to non-plant sequences. Protein family domains were identified using 
HMMER3(FINN et al., 2014), which iteratively searched transcripts against the Pfam 
database. To assign Gene Ontology (GO) terms to transcripts, we used the Arabidopsis 
thaliana gene association file from the GO Consortium(BLAKE et al., 2015) and retrieved the 
information for transcripts showing similar coding sequences in the A. thaliana genome. 
Redundant transcripts were clustered with Cd-hit-est v.4.6.1(LI; GODZIK, 2006) using local 
alignment mode with 95% identity and 70% coverage of the shortest sequence thresholds. 
Open reading frames (ORFs) were identified using Transdecoder (http://transdecoder.sf.net). 
We reduced the redundancy of transcripts in the final assembly by retaining for each CD-HIT-
EST cluster either the sequence with the longest ORF or, in the absence of sequences 
containing ORF, the longest sequence. 
The completeness of the final transcriptome was assessed using BUSCO(SIMÃO 
et al., 2015). Additionally, a reciprocal blastn alignment using an e-value threshold of 10-10 
and a minimum alignment length of 100 nucleotides with at least 70% identity was used to 
compare the A. schaueriana transcriptome with other publicly available transcriptomes of 
congeneric species.  
 
Comparative transcriptomics using RNA-sequencing 
Tissue-specific count data were obtained from the number of reads uniquely 
mapped to each transcript of the non-redundant transcriptome using bowtie1(LANGMEAD et 
al., 2009) and normalised using edgeR(ROBINSON; MCCARTHY; SMYTH, 2010). 




specific samples were detected using the exact test for negative binomial distributions with an 
FDR < 0.05 (Benjamini-Hochberg). GO term enrichment analyses of the DETs were 
performed using GOseq(YOUNG et al., 2010) with the Wallenius approximation method and 
P-value < 0.05. Differential expression results were verified using reverse transcription real-
time PCR (qRT-PCR) (Supplementary Methods). 
 
Detection of candidate adaptive loci 
We sampled leaves from 79 adult plants at ten locations spanning most of the 
distribution of A. schaueriana Stapf & Leechman ex Moldenke (Fig. 1, Supplementary 
information Table S2). We isolated DNA using the DNeasy Plant Mini Kit (QIAGEN) and 
NucleoSpin Plant II (Macherey Nagel) following the manufacturers’ instructions. DNA 
quality and quantity were assessed using 1% agarose electrophoresis and the QuantiFluor 
dsDNA System with a Quantus fluorometer (Promega). Nextera-tagmented reductively-
amplified DNA (nextRAD) libraries(RUSSELLO et al., 2015) were prepared and sequenced 
by SNPsaurus (SNPsaurus) on a HiSeq 2500 (Illumina, Inc.) with 100-bp single-end 
chemistry. Genomic DNA fragmentation and short adapter ligation were performed with the 
Nextera reagent (Illumina, Inc.) followed by amplification with one of the primers matching 
the adapter and extending nine arbitrary nucleotides into the genomic DNA. Assembly, 
mapping and single nucleotide polymorphic loci (SNP) identification were performed using 
custom scripts (SNPsaurus), which created a reference catalogue of abundant reads across the 
combined sample set and mapped reads to this reference, allowing two mismatches and 
retaining biallelic loci present in at least 10% of the samples. We further filtered markers by 
allowing no more than 65% of missing data, Phred score > 30, 8x minimum coverage, only 
one SNP per locus and a minor allele frequency ≥ 0.05 using vcftools v.0.1.12b(DANECEK 
et al., 2011). To reduce paralogy or low-quality genotype calls, we used a maximum read 
coverage of 56 (the average read depth times 1.5 standard deviation). 
After excluding plants morphologically identified as A. schaueriana with genomic 
signs of hybridisation with A. germinans (L.) L., we assessed the genetic structure considering 
all SNPs, using the discriminant analysis of principal components (DAPC)(JOMBART; 
DEVILLARD; BALLOUX, 2010) and ADMIXTURE v.1.3.0(ALEXANDER; NOVEMBRE; 
LANGE, 2009). For DAPC analyses, we considered the number of groups (K) varying from 
1-50 and the Bayesian information criteria for inferring K. Additionally, we used the 
optim.a.score function to avoid overfitting during the discrimination steps. For the 




block-relaxation method for point estimation; computing was terminated when estimates 
increased by < 0.0001, and the most likely K was determined by cross-validation. 
We used two programs to minimise false-positive signs of natural selection: 
LOSITAN(ANTAO et al., 2008), assuming an infinite allele model of mutation, using a 
confidence interval of 0.99, a false-discovery rate (FDR) of 0.1, the neutral mean FST and 
forcing the mean FST options; and pcadapt 3.0.4(LUU; BAZIN; BLUM, 2016), which 
simultaneously identifies the population structure and the loci excessively related to this 
structure, using an FDR < 0.1. 
Putative evidence of selection was considered only for SNP loci that were 
conservatively identified by pcadapt and five independent runs of LOSITAN to avoid false-
positives(LOTTERHOS; WHITLOCK, 2015). As selection is presumably stronger in coding 
regions of the genome and there is no reference genome for the species, we used the de novo 
assembled transcriptome, characterized herein, as a reference to identify candidate loci within 
putative coding regions. We performed a reciprocal alignment between nextRAD sequences 
(75 bp) and longer expressed sequences (≈ 300-11600 bp) using blastn v.2.2.31(CAMACHO 
et al., 2009), with a threshold of at least 50 aligned nucleotides, a maximum of one mismatch 
and no gaps. 
 
Data accessibility 
Expression data and sequences that support the findings have been deposited in 
GenBank with the primary accession code GSE116060. A Variant Call Format file and its 
complementary file, both required for all of the genome-wide SNP diversity analyses are 
provided as Supplementary Files. 
Results 
Comparative physiology using a common garden experiment 
Seedlings from equatorial and subtropical sites diverged in key ecophysiological 
traits in the common garden experiment (Fig. 2-4). The inclination angle of the leaf lamina 
and the average size of individual leaves were smaller in equatorial than in subtropical plants, 
but total leaf area and specific leaf area did not differ between the groups (Fig. 2, 
Supplementary information Table S3, Supplementary information Fig. S3). Additionally, 
equatorial plants showed lower stomatal conductance and transpiration rates than did 
subtropical plants (Fig. 4). Subtropical plants accumulated more biomass in leaves and roots 




dry biomass) was greater in equatorial plants, whereas the leaf MR (leaf dry biomass/plant 
dry biomass) was greater in subtropical plants (Fig. 2). The dry biomass accumulated in the 
stems and the root MR (root dry biomass/plant dry biomass) were indistinguishable between 
the groups (Supplementary information Table S3). Unexpectedly, 63% of the equatorial 
plants flowered after six months of growth (Supplementary information Fig. S3g). Since this 
was not observed in any subtropical plant, flowering plants were not used in the biomass 
allocation analyses. Mean stem vessel diameter was smaller in the equatorial seedlings than in 
the subtropical seedlings, indicating enhanced hydraulic safety (Fig. 2, Supplementary 
information Fig. S3h-i). However, the vessel density, vessel grouping index, vessel lumen 
area in sapwood and total hydraulic conductivity of the stems were not significantly different 
between the groups (P-value > 0.05) (Supplementary information Table S3). Plants from 
contrasting latitudes exhibited different stem epidermis pigmentation, with equatorial 
seedlings reflecting more long wavelengths red light (635-700 nm) and less medium 






Figure 2. Pairwise comparison of morphological traits between Avicennia schaueriana 
seedlings from equatorial and subtropical sites grown using a common garden 
experiment. Violin plots represent the distribution of observations for plants from equatorial 
(red) and subtropical (blue) sampling sites. Box plots represent the mean, standard error, and 
maximum and minimum values. (a) Leaf inclination angle (n = 15 leaves per group, 5 plants 
per group); (b) individual leaf area (n = 250 leaves per group, 3 plants per group); (c) vessel 
lumen diameter (n = 180 vessels per group, 3 plants per group); (d-f) leaf, stem and root dry 
weight (n = 15 plants per group); and (g-i) leaf, stem and root dry mass ratio (organ-specific 
dry biomass/plant dry biomass) (n = 15 plants per group). For all variables represented in the 
figure, the absence of difference between groups was rejected using the unpaired Student’s T-






Figure 3. Light reflectance of the stem epidermis of five-month-old Avicennia 
schaueriana seedlings grown using a common garden experiment. Grey lines represent the 
mean reflectance, and colour-shaded areas represent the standard error for each seedling 
source site (red: equatorial; blue: subtropical, n = 10 plants per group). The visible light 
spectrum range is highlighted in the figure. 
 
 
Figure 4. Daily curves of gas exchange in leaves from seven-months-old Avicennia 
schaueriana seedlings grown using a common garden experiment. * Represents rejection 
of the null hypothesis of the absence of a difference based on the unpaired Student’s t-test, at 




bars represent the standard error. Red line: mean values for equatorial samples; blue line: 
mean values for subtropical samples. (a) Transpiration rate; (b) stomatal conductance; (c) net 
CO2 assimilation rate. 
 
Characterisation of the A. schaueriana transcriptome 
In the absence of a reference genome, we obtained the first reference 
transcriptome for A. schaueriana from leaves, stems and flowers of adult individuals under 
field conditions (Supplementary information Fig. S4, Supplementary information Table S1). 
Over 209 million paired-end 72-bp reads showing high quality were de novo assembled into a 
reference, non-redundant transcriptome containing 49,490 sequences, of which 30,227 (61%) 
were putative protein-coding sequences. Over 91.9% of these reads were mapped to a single 
transcript, indicating minimum redundancy and a wide representation of sequenced data 
(Supplementary information Table S4). Moreover, 91.8% of universal plant orthologous 
genes were present in the reference transcriptome (Supplementary information Table S4). 
Sequences with complete ORFs represented approximately 42% (12,796) of all putative 
protein-coding transcripts (Supplementary information Table S5, Supplementary information 
Fig. S5). Most of these putative protein-coding sequences (94.33%) showed significant 
similarity (e-value < 1e-10) to proteins in the Plant RefSeq and TAIR databases 
(Supplementary information Fig. S5c). More than 80% of protein-coding sequences matched 
proteins from Sesamum indicum or Erythranthe guttata, which, as A. schaueriana, belong to 
the order Lamiales (Supplementary information Fig. 6d). We identified 27,658, 18,325 and 
13,273 putative orthologs between the A. schaueriana reference transcriptome and 
transcriptomes derived from A. marina leaves(HUANG et al., 2014) and A. officinalis 
leaves(LYU et al., 2017) and roots(KRISHNAMURTHY et al., 2017), respectively 
(Supplementary information Table S6). 
 
Comparative transcriptomics between trees from contrasting latitudes 
To identify the effects of environmental variation on gene expression and, thus on 
phenotypes, at contrasting source sites in the field, we compared expression levels in trees 
under field conditions as comparable as possible. Sampling was conducted during the low 
tide, from 10:30 AM to 4:00 PM, at the end of winter at the subtropical site and at the 
beginning of the dry season at the equatorial site (Supplementary information Table S1). As 
expected, we observed a consistent source-site pattern in overall transcript expression levels 
from leaves and stems (Supplementary information Fig. S6a-b). However, flowers transcript 




(Supplementary information Fig. S6c), leading to the identification of only one DET. Thus, 
we did not include flowers in the subsequent analyses (Supplementary information Fig. S6f). 
Conversely, 1,837 and 904 transcripts showed significantly different (FDR < 0.05) relative 
abundances between equatorial and subtropical samples in leaves and stems, respectively 
(Supplementary information Fig. S6d-e). Among the total 2,741 DETs, 1,150 (41.91%) were 
putative protein-coding transcripts. 
The assignment of transcripts to GO terms was possible for 25,184 (83.31%) of 
the 30,227 putative protein-coding sequences, allowing GO enrichment analyses. Analyses 
were conducted separately for leaves and stems and for each of the following two sets of 
DETs: one showing higher expression levels in equatorial than in subtropical samples (which 
we refer to as “DET-Eq”) and the other showing higher abundance in subtropical than in 
equatorial samples (which are referred as “DET-St”). We focused on the biological processes 
associated with key aspects of the responses to contrasting climate conditions between the 
equatorial and subtropical sites (Table 1, Supplementary information Fig. S1). The enriched 
processes among the DET sets included photosynthesis; cell wall biosynthesis; plant 
responses to ultraviolet radiation (UV), temperature stimulus and water stress (Supplementary 
information Tables S7-S11, Supplementary information Fig. S6i-l). 
Photosynthesis: Among the DET-St set, we observed various putative genes 
participating in the biosynthesis of the photosynthetic apparatus, chlorophyll and 
photoreceptors; the function of electron transporters and chloroplast movement coordination. 
Contrastingly, the DET-Eq set showed enrichment of transcripts similar to proteins required 
for disassembling the light-harvesting complex of photosystem II in thylakoid 
membranes(PARK et al., 2007) (Supplementary information Table S11). 
Cell wall biosynthesis: Transcripts similar to 33 distinct proteins and transcription 
factors that play central roles in the biosynthesis and deposition of cell wall components, such 
as cellulose, hemicellulose, lignin and pectin, were identified among DET-Eq (Supplementary 
information Table S10). 
Response to UV: Both the DET-St and DET-Eq sets showed enrichment of 
functions related to responses to UV radiation; however, the transcript annotations differed 
between these sets. The DET-St set included putative UV-B protectants and genes involved in 
UV-B-induced antioxidant biosynthesis, such as plastid copper/zinc superoxide dismutases, 
photosystem II repair proteins, and L-ascorbic acid. In contrast, the DET-Eq set showed 
enrichment of transcripts associated with photo-oxidative damage reduction and the positive 




irradiation(MYOUGA et al., 2008), such as putative iron superoxide dismutases and 
pyridoxine biosynthesis genes, were among the DET-Eq set (Supplementary information 
Table S11). 
Response to temperature: In the DET-St set, we observed putative genes 
presenting critical roles in chloroplast protein translation during cold acclimation and that 
provide tolerance to chilling temperatures(GOULAS et al., 2006; WANG et al., 2016). There 
included transcripts similar to the GLYCINE-RICH RNA-BINDING (RZ1A), which has a 
chaperone activity during cold acclimation(KIM; KIM; KANG, 2005), and to the cold-
inducible ATP-dependent DNA HELICASE ATSGS1, required for DNA damage-
repair(HARTUNG; SUER; PUCHTA, 2007). Interestingly, DET-St included a putative 
AGAMOUS-LIKE 24 (AGL24) transcription factor that is involved in vernalisation-induced 
floral transition(MICHAELS et al., 2003). Contrastingly, various transcripts similar to heat 
shock-inducible chaperones and to ADENINE NUCLEOTIDE ALPHA HYDROLASE-LIKE 
(AT3G53990), involved in chaperone-mediated protein folding(JUNG et al., 2015), were 
among the DET-Eq set, potentially enhancing tolerance to heat in equatorial plants. 
Additionally, a transcript similar to the ETHYLENE-RESPONSIVE ELEMENT BINDING 
(RAP2.3), which confers resistance to heat and hydrogen peroxide(OGAWA et al., 2005), 
was observed in this group (Supplementary information Table S11). 
Response to water stress: Transcripts associated with the response and tolerance 
to water deficits and with cellular ion homeostasis and osmotic adjustment were enriched 
among DET-Eq; for instance, a transcript similar to the ETHYLENE-RESPONSIVE 
TRANSCRIPTION FACTOR (RAP2.4), which regulates the expression of several drought-
responsive genes, including aquaporins(LIN; PARK; WANG, 2008; RAE; LAO; 
KAVANAGH, 2011). Accordingly, a putative aquaporin PLASMA MEMBRANE INTRINSIC 
(PIP1;4)(ALEXANDERSSON et al., 2005) was found in this set. In DET-Eq, we observed 
putative genes participating in the synthesis of raffinose, an osmoprotective soluble 
trisaccharide(NISHIZAWA; YABUTA; SHIGEOKA, 2008), as well as transcripts similar to 
osmosensitive ion channels belonging to the EARLY-RESPONSIVE TO DEHYDRATION 
STRESS FAMILY. Correspondingly, we observed an ion channel, SLAC1 HOMOLOGUE 3 
(SLAH3), required for stomatal closure induced by drought stress(ZHANG et al., 2016), and 
the putative NINE-CIS-EPOXYCAROTENOID DIOXYGENASE 3 (NCED3), which increases 
plant resistance to water deficits through the accumulation of abscisic acid (ABA), leading to 
stomatal closure. Possibly as a consequence of decreased stomatal conductance, a transcript 




HOMOLOG 3 (AT3G08860)(LIEPMAN; OLSEN, 2003), was also observed among the 
DET-Eq (Supplementary information Table S11). 
We confirmed the results obtained from RNA-Seq data computational analyses by 
qRT-PCR using ten DETs from leaf samples (Supplementary information Fig. S7, 
Supplementary information Table S12, Supplementary Note). 
 
Detection of SNPs with signs of selection 
RNA-Seq enabled the assembly of a reference transcriptome and the identification 
of biological processes influenced by the environmental divergence over the South American 
coastline. To complement these analyses, as one cannot disentangle the effects of plasticity 
and adaptive selection in the differential expression(GOULD; CHEN; LOWRY, 2018; 
WOLF; LINDELL; BACKSTROM, 2010), we searched for gene sequence variations among 
trees sampled along the Atlantic coast of South America (Fig. 1, Supplementary information 
Table S2). After quality filtering of the sequenced data, we selected 77 individuals without 
evidence of interspecific hybridisation with A. germinans for downstream analyses. We 
identified a set of 6,170 high-quality unlinked biallelic SNP loci with a minor allele frequency 
≥ 0.05 and ≥ 8x coverage. The overall genetic structure of genome-wide SNPs corroborated a 
previous study based on putatively neutral loci(MORI; ZUCCHI; SOUZA, 2015), dividing 




Figure 5. Population structure of A. schaueriana inferred from genome-wide genotyping 




discriminant function, calculated using a multivariate method, the discriminant analysis of 
principal components (DAPC); different colours represent inferred populations; (b) map 
showing the distribution of the species (green shaded area), the geographical location of 
sampling sites (points) and barplots in which each colour denotes an ancestral cluster and 
each bar represents an individual as inferred by the model-based method implemented in 
Admixture 1.3.0. 
 
We observed 122 loci showing considerable departures from neutral expectations 
of interpopulational divergence, as conservatively detected(AHRENS et al., 2018) by pcadapt 
and LOSITAN. Fifteen of these loci aligned to A. schaueriana transcripts that were similar to 
gene models in A. thaliana and S. indicum (Supplementary information Table S13), enabling 
screening for their potential functional roles. However, five reference proteins did not have 
informative functions described for the model plant, hindering functional inferences. 
Conversely, among the remaining annotated candidates, we found five putative genes 
involved in processes related to contrasting equatorial and subtropical environmental 
variables (Fig. 6). One candidate locus was detected in the putative transcription factor 
RAP2.4, which is induced in response to water and salt stress(LIN; PARK; WANG, 2008) 
and regulates the expression of aquaporins(RAE; LAO; KAVANAGH, 2011). Two other 
candidates showed similarity to the transcription factors ZINC-FINGER PROTEIN 1 (ZFN1), 
involved in the regulation of the expression of several water stress genes(SAKAMOTO et al., 
2000), and the HYPOXIA RESPONSE ATTENUATOR (HRA1), which is strongly induced in 
response to low oxygen levels(GIUNTOLI et al., 2014). A putative UDP GLUCOSYL 
TRANSFERASE, an enzyme that catalyses the final step of anthocyanin biosynthesis wherein 
pigmentation is produced(TOHGE et al., 2005), also showed evidences of positive selection. 
Additionally, one candidate locus was in a transcript similar to the TETRATRICOPEPTIDE 
REPEAT gene (AT2G20710, TPR), which might play a role in the biogenesis of the 






Figure 6. Graphical summary of results from ecophysiological and molecular 
approaches performed in this work. Under homogeneous conditions, plants from 
contrasting latitudes showed key divergences related to the use of water and to the acquisition 
of carbohydrates in ecophysiological traits. Differences associated with the response to 
contrasting environmental conditions were detected in transcripts expression levels of trees 
sampled in their natural habitats. Additionally, a north-south genetic divergence was observed 
in 77 trees sampled along the latitudinal gradient using genotypic data from over 6 thousand 
polymorphic loci. We also identified signatures of differential selective pressures on specific 
loci associated with the accumulation of anthocyanins (UDP-GLUCOSYLTRANSFERASE), 
with photosynthesis (TPR), and with the response to osmotic stress (RAP2.4 and ZFN1) and 
to hypoxia (HRA1). Our results suggest that the establishing success of propagules over the 
latitudinal gradient of the Atlantic coast of South America may play a role in shaping the 
diversity of genotypes and phenotypes in the widespread mangrove, Avicennia schaueriana. 
E: transpiration rate; gS: stomatal conductance; RL: xylem vessel lumen resistivity; KH: xylem 
vessel conductivity. 
Discussion 
In this study, we integrated genomic and ecophysiological approaches to 
investigate the foundations of adaptive variations in a dominant tree from the Atlantic coast of 
South America. We tested the hypothesis that latitudinal variations in climate regimens shape 
genetic and phenotypic variation involved in resource-use strategies in widespread coastal 
trees, using the mangrove Avicennia schaueriana as a model. Overall, our results supported 
this hypothesis. Using a common garden experiment, we detected differences between plants 




balances, indicating an inheritable basis of trait divergence. Accordingly, transcriptomic 
changes between plants sampled in contrasting latitudes showed enrichment in processes 
associated with central aspects of the environmental divergence across latitudes, such as 
responses to temperature, solar radiation, water deficit, photosynthesis and cell wall 
biosynthesis (Supplementary information Fig. S6i-l). The relevance of these biological 
processes in the field was corroborated by the identification of SNP loci with signs of 
selection present within putative coding transcripts similar to genes involved in responses to 
osmotic stress, accumulation of anthocyanins and photosynthesis, unveiling a genetic basis 
for environmental adaptation. Figure 6 summarises the integration of three independent 
approaches that converge to suggest population adaptation to contrasting environments over 
the species range. 
 
Evidence of a conservative resource-use strategy in the equatorial population of A. 
schaueriana 
Traits exhibited by equatorial plants compared to subtropical plants during the 
common garden experiment, such as a smaller leaf size and angle, higher levels of red light-
reflecting pigments, narrower vessels and lower rates of stomatal conductance, limit carbon 
acquisition(REEF; LOVELOCK, 2015) and may have imposed constraints on carbon gain in 
equatorial plants. Accordingly, these plants also accumulated less biomass than subtropical 
plants (Fig. 2-4, Supplementary information Fig. S3). Despite causing limitations in growth, 
these characteristics allow plants to maintain suitable leaf temperature for photosynthesis 
while reducing the risk of cavitation, UV exposure and water loss through the minimisation of 
evaporative cooling(REEF; LOVELOCK, 2015). Given the relevance of these traits to water 
and carbon balances, especially under high salinity environments, the prevalence of more 
conservative resource-use traits among equatorial samples in the common garden experiment 
suggested a selection favouring drought tolerance, likely being advantageous during hot-dry 
seasons in equatorial wetlands (August-December). These seasons frequently present a 
combination of stressful conditions, including high UV exposure; highly fluctuating soil 
salinity, resulting from wide daily tidal range; and high vapour pressure deficit (VPD), 
resulting from high temperature (> 30 °C) and an air humidity below 60% (Figure 1, Table 1, 
Supplementary information Fig. S1). Accordingly, equatorial plants also showed lower 
transpiration rates than subtropical plants in the common garden (Fig. 4). Additionally, 63% 
of the six-month-old equatorial plants flowered from July-August in the common garden 




This period is consistent with phenological observations reported for A. schaueriana in both 
equatorial(MENEZES; BERGER; MEHLIG, 2008) and southern subtropical forests(DE 
ALVARENGA; BOTOSSO; SOFFIATTI, 2017), and could indicate a genetic basis for the 
observed variation. Early flowering is a phenotype with complex genetic components, rarely 
studied in non-model organisms, but is renowned as an adaptive mechanism for maximising 
chances of reproduction under stressful environments(KAZAN; LYONS, 2016).  
In their native environment, equatorial plants showed increased expression levels 
of putative heat-shock proteins, drought-induced ion transporters, aquaporins and genes that 
play central roles in stomatal closure and photorespiration compared to subtropical plants, 
likely contributing to heat and drought tolerance. These findings provided multiple lines of 
evidence of heat and water stress responses. Higher expression of aquaporins and genes 
involved in the accumulation of organic solutes may contribute to lowering the cellular water 
potential, while improving drought tolerance in equatorial plants compared to subtropical 
plants(LOVELOCK et al., 2015; NISHIZAWA; YABUTA; SHIGEOKA, 2008). 
Additionally, higher expression of several transcripts associated with secondary cell wall 
biosynthesis and thickening, may enhance the rigidity of cells and reduce the risk of collapse 
during dehydration-rehydration cycles in equatorial trees(GALL et al., 2015). Moreover, 
equatorial plants showed lower expression of several putative photosynthesis genes than 
subtropical plants. In response to drought, high-light and heat stress plants minimise the 
photooxidative damage by reducing the photosynthetic activity via repression of 
photosynthesis genes(KIMURA et al., 2003; MOUMENI et al., 2011; WANG et al., 2011; 
WEI et al., 2015). Remarkably, evidences of selection were detected in two putative 
transcription factors, RAP2.4 and ZFN1, which play key roles in the regulation of osmotic 
stress-response(LIN; PARK; WANG, 2008; SAKAMOTO et al., 2000). These findings 
support the hypothesis that dry seasons marked by low rainfall and high VPD, which are 
caused by the combination of high temperatures and low air humidity(MCRAE, 1980) in the 
equatorial region, induce a pivotal selective pressure for coastal trees populations. 
 
Evidence of an acquisitive resource-use strategy in the subtropical population of A. 
schaueriana 
Subtropical plants showed higher stomatal conductance and transpiration rates, 
higher levels of green light-reflecting pigments, larger leaf area, wider leaf lamina angle and 
larger xylem vessel diameter than equatorial plants in the common garden experiment (Fig. 2-




and carbon acquisition, at the expense of a higher cavitation risk(CARLSON; HOLSINGER; 
PRUNIER, 2011; STUART et al., 2007). Conversely, this apparent riskier strategy may 
compensate for seasonal declines in growth resulting from decreasing temperature, 
photoperiod and light quality at higher-latitudes(PECOT et al., 2005) (Table 1, 
Supplementary information Fig. S1). Although low temperatures reduce enzymatic 
activity(ARCUS et al., 2016) and, thus, plant growth, the severity of low-temperature stress in 
the southernmost subtropical mangrove forests of the Americas is likely insufficient to favour 
the selection of freezing-tolerant adaptations, in contrast to results reported for mangroves at 
their northernmost edge on the Atlantic coast of the Americas(CAVANAUGH et al., 2014). 
At the southernmost limit of American mangrove forests, the minimum air temperature does 
not drop below 0 °C (Table 1, Supplementary information Fig. S1) and remains within the 
expected mangrove physiological thresholds(OSLAND et al., 2017). Additionally, the small 
population size of A. schaueriana at this location(SOARES et al., 2012) and the arrival of 
maladapted propagules from northerly populations likely reduce the potential strength of 
selection favouring cold-adaptive traits. 
Corroborating the observed differences in morphophysiological traits, we found 
divergence at the molecular level that may also be related to the increasing amplitude of 
variation in photoperiod and light quality towards high latitudes. Plants optimise the use of 
light energy and adjust photosynthetic activity through the regulation of light-harvesting and 
photosystem-component genes(KIMURA et al., 2003). Thus, the higher expression levels of 
transcripts associated with photosynthesis in subtropical than in equatorial plants may have 
facilitated the absorption of light energy in subtropical plants during winter. Although solar 
irradiance levels were indistinguishable between sampling sites at the time of sampling 
(Supplementary information Table S1), transcriptomic changes in putative UV-inducible 
antioxidant and photodamage repair genes suggest the use of distinct strategies to respond to 
differential seasonality in photoperiod and solar radiation levels between subtropical and 
equatorial latitudes. Notably, we observed signatures of selection in two transcripts, one 
showing similarity to a UDP-GLUCOSYL TRANSFERASE, a key enzyme in the anthocyanin 
biosynthesis pathway, and the other in a transcript similar to a TPR gene, required for 
chlorophyll biosynthesis and for the biogenesis of the photosynthetic apparatus(BOHNE et 
al., 2016). These results imply that solar radiation, in addition to VPD, may act as an 
environmental factor driving selection in A. schaueriana. 
Although soil oxygen availability affects plant growth in intertidal areas, we did 




coastal wetlands(COLMER; FLOWERS, 2008). However, evidence of selection was detected 
in a transcription factor highly induced by oxygen deprivation (HRA1)(GIUNTOLI et al., 
2014). Additionally, the HRA1 putative homolog also showed a 1.75-fold higher expression 
in subtropical leaves relative to that in equatorial leaves (Supplementary information Table 
S1), even though sampling was conducted during the low tide at both sites. As tidal amplitude 
decreases with increasing latitude along the Atlantic coast of South America(SCHAEFFER-
NOVELLI et al., 1990) (Table 1, Fig. 6), trees are exposed to increasing anoxia conditions 
southwards. These findings suggest that subtropical populations may have better stress 
preparedness for hypoxia than equatorial populations. 
 
Climate change and conservation implications 
Our results provide compelling evidence that adaptations to contrasting 
seasonality in freshwater availability and solar radiation are involved in the organisation of 
diversity of the dominant coastal tree A. schaueriana. The functional divergence described 
herein might differentially affect the sensitivity of northerly and southerly populations to a 
rapidly changing climate. It has been suggested that the southernmost mangrove forests in the 
Americas could expand polewards in the near future(GODOY; DE LACERDA, 2015). We 
expect that the observed acquisitive resource-use characteristics may indeed favour 
subtropical tree growth under increased CO2 concentrations, temperatures and rainfall, as 
predicted for this region by 2100(IPCC, 2014). However, a great landward relocation of 
subtropical populations will be necessary to their persistence in the face of rising sea 
level(ELLISON, 2015), due to the narrowing of intertidal zones towards mid-latitude areas on 
the Atlantic coast of South America (Fig. 1). Even though subtropical populations apparently 
show a better preparedness for hypoxia than equatorial populations, this scenario is 
aggravated by the dense coastal occupation by urban and agricultural areas, which may 
preclude the landward migration of subtropical mangroves in South America. Contrastingly, 
equatorial populations frequently have wider plains that are potentially available for 
expansion and lower human occupation, but might be threatened by reduced rainfall and 
increased VPD during more intense El Niño-Southern Oscillation events(IPCC, 2014). 
Increased temperature will stimulate both respiration(HESKEL et al., 2016) and 
photorespiration(JORDAN; OGREN, 1984) and may eventually offset benefits in carbon 
acquisition caused by increased CO2 concentrations(DRAKE; GONZÀLEZ-MELER; LONG, 
1997). The critical temperature threshold for photosynthesis may be overcome more 




1985). With a conservative resource-use strategy, further limitations in net carbon 
assimilation could, in extreme events, lead to biomass loss or tree mortality triggered by 
carbon starvation(DOUGHTY et al., 2015). This scenario could be especially severe to the 
semiarid northeast South American coast, particularly in the face of intense human use of 
adjacent plains and decreasing trends in terrestrial freshwater availability and coastal 
freshwater input(OSLAND et al., 2018a; RODELL et al., 2018). 
Our results corroborate previous studies of marine species from the Northern 
Atlantic that associated limited north-south population connectivity with adaptation to 
latitudinal environmental dissimilarity(BRADBURY et al., 2010; CHU et al., 2014; 
JEFFERY et al., 2017). As widespread trees distributed along the Atlantic coast of South 
America show an overlapping north-south organisation of genetic variation(FRANCISCO et 
al., 2018; MORI; ZUCCHI; SOUZA, 2015; TAKAYAMA et al., 2008), we hypothesise that 
they may also show divergent adaptations to heterogeneous resource availability over their 
distribution ranges. Conservation efforts of coastal ecosystems should focus on resilient, 
habitat-forming species that give shelter and act as climate rescuers for several stress-sensitive 
species(BULLERI et al., 2018). We recommend that populations of coastal trees occurring 
north and south from the northeast extremity of South America should warrant attention as 
distinct conservation management units(MORITZ, 1994) for the long-term persistence of 
coastal biodiversity and the ecosystem services they provide.  
 
Conclusions 
Studies on local adaptations in tropical trees are frequently limited by difficulties 
in implementing traditional approaches, such as reciprocal transplants, due to their long 
generation time and the lack of basic biological information, as knowledge of their 
evolutionary history, reproductive mode or phenological patterns. Despite limitations, we 
provided integrated ecophysiological and genomic evidences that support the hypothesis that 
seasonal environmental heterogeneity in solar radiation and freshwater availability may shape 
the variation of traits associated with resource-use in A. schaueriana, a widespread tree along 
the Atlantic coastline of South America. The non-neutral trait diversity derived from the 
interdisciplinary approach used here provides a perspective into the molecular and phenotypic 
scales at which environmental selection may shape functional variation of this dominant 
species, on a continental scale. Integrating high-throughput sequencing and ecophysiological 
approaches, has shown to be a promising strategy in the study of adaptation in non-model, 




respond to current global climate changes we encourage the development of further studies 
accounting for phenotypically(MORAN; HARTIG; BELL, 2016) and genetically(IKEDA et 
al., 2017) informed distribution modelling. Since freshwater availability has been decreasing 
in coastal areas worldwide(RODELL et al., 2018), strongly compromising the productivity of 
coastal plants(OSLAND et al., 2018a), such studies should focus on biological variation 
involved in the balance between carbon gain and water loss. This knowledge can improve 
predictions on the future of ecosystems they form and generate key information for forest 
conservation and management efforts(HOLLIDAY et al., 2017; MORAN; HARTIG; BELL, 
2016). Without the realization and dissemination of such studies, the success of conservation 
plans for tropical forests and their potential to mitigate climate change will likely be seriously 
compromised.  
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Environmental variation along the geographical space can shape populations by natural 
selection. In the context of global warming, accompanied by substantial changes in 
precipitation regimes, it is crucial to understand the role of environmental heterogeneity in 
tropical trees adaptation, given their disproportional contribution to water and carbon 
biogeochemical cycles. Here we investigated how heterogeneity in freshwater availability 
along tropical wetlands has influenced molecular variations of the Black-Mangrove 
(Avicennia germinans). Fifty-seven trees were sampled in seven sites differing markedly on 
precipitation regime and riverine freshwater inputs. Using 2,297 genome-wide single 
nucleotide polymorphic markers, we found signatures of natural selection by the genotype 
association with the precipitation of the warmest quarter and the annual precipitation. We also 
found candidate loci for selection, based on statistical deviations from neutral expectations of 
interpopulation differentiation. Most candidate loci present within coding sequences were 
functionally associated with central aspects of drought-tolerance or plant response to drought. 
Complementarily, our results strongly suggest the occurrence of a rapid evolution of a 
population in response to sudden and persistent limitation in plant access to soil water, 
following a road construction in 1974. Observations supporting rapid evolution included 
reduction in tree size and changes in the genetic profile and in transcripts expression levels 
associated with increased drought-tolerance, through accumulation of osmoprotectants and 
antioxidants, biosynthesis of plant cuticle, proteins protection against stress-induced 
degradation, stomatal closure, photorespiration and photosynthesis. We describe a major role 
of spatial heterogeneity in freshwater availability in the specialization of the typically tropical 
tree, A. germinans. 
Keywords: Avicennia germinans (Black Mangrove), drought-tolerance, tropical tree, 














Natural ecosystems are characterized by wide environmental heterogeneity over 
the geographical space. These spatial variations in several abiotic conditions can shape 
populations specializations, particularly in widespread species, through changes in genotypes 
and phenotypes frequencies (KAWECKI; EBERT, 2004). Environmental gradients are, 
therefore, natural laboratories for the study of environmental selection (DE FRENNE et al., 
2013). As sessile organisms, plants are incapable of escaping from unfavorable conditions 
and, therefore, are ideal models for investigating adaptation through phenotypic plasticity 
and/or adaptive genetic variation. They are often subject to a wide range of environmental 
factors, such as water, light, temperature and nutrients availability. Among the various 
environmental factors that determine adaptive phenotypic and genotypic diversity in plants, 
freshwater availability has a prominent role (CHOAT et al., 2018; PHILLIPS et al., 2010). 
Accordingly, populational differentiation in drought-tolerance has been widely identified in 
various studies, providing valuable insights on evolutionary consequences of spatial variation 
in freshwater availability in plant species (ARANDA et al., 2014; DONOVAN et al., 2009; 
ETTERSON, 2004; HESCHEL; RIGINOS, 2005; KELLER et al., 2011; RAMÍREZ-
VALIENTE et al., 2018). Understanding the role of selection by heterogeneity in freshwater 
availability in plants diversification is increasingly relevant, as predictions indicate that we 
will face a warmer future accompanied by marked changes in rainfall and higher frequency of 
extreme climatic events in several regions worldwide (DAI, 2011; IPCC, 2014; RODELL et 
al., 2018). The combination of high atmospheric temperature with reduced rainfall and air 
humidity represent a major threat to plants, especially tree species and forest ecosystems they 
form (ALLEN et al., 2010; ALLEN; BRESHEARS; MCDOWELL, 2015; ASNER et al., 
2016; CHOAT et al., 2012; MCDOWELL; ALLEN, 2015). These changes influence major 
components of resource-use in plants: it reduces the soil water potential, which limits the 
water and nutrients supply to leaves, and raises the air vapor pressure deficit (VPD), 
increasing water loss through transpiration (MCRAE, 1980; NOVICK et al., 2016). In 
response to these conditions, plants close their stomata (MCADAM; BRODRIBB, 2015; 
TYREE; SPERRY, 1989), decreasing the chance of death from hydraulic failure 
(ROWLAND et al., 2015), despite causing negative impacts on photosynthesis and 
productivity (LAWLOR, 2002). 
Currently, there is a great interest in understanding genotypic and phenotypic 
basis of trees resistance to drought, as these mechanisms are key to improve predictions of 




(CORLETT, 2016; DA COSTA et al., 2010; PHILLIPS et al., 2009). Substantial advances in 
the understanding of phenotypic characteristics that enhance drought-tolerance in trees have 
been achieved recently (BARTLETT; SCOFFONI; SACK, 2012; BENNETT et al., 2015; 
BRODRIBB et al., 2003; HACKE et al., 2006; PHILLIPS et al., 2010; POWELL et al., 
2017), however little is known about the molecular basis of water-stress tolerance, 
particularly in tropical species (HOLLIDAY et al., 2017), which contribute disproportionally 
to global carbon cycle (CORLETT, 2016). 
In this study, we investigated the role of environmental selection along a gradient 
of freshwater availability in shaping the molecular variation of a typically tropical and 
abundant tree, Avicennia germinans (L.) L. (Acanthaceae). The species is particularly suitable 
for the study of mechanisms involved in trees adaptation to drought, since it is the most 
widespread mangrove in the Atlantic East-Pacific biogeographic region (ELLISON; 
FARNSWORTH; MERKT, 1999), belonging to the most tolerant mangrove genus to limiting 
conditions for water acquisition, as drought, freezing and salinity (PRANCHAI et al., 2017; 
REEF; LOVELOCK, 2015; STUART et al., 2007). These trees occur naturally under highly 
variable soil water potential and air VPD, caused by daily and seasonal fluctuations in 
temperature, air humidity, rainfall freshwater inputs and soil salinity (TOMLINSON, 1986). 
In tropical arid zones or during dry seasons, VPD and soil salinity can reach extreme levels, 
hindering the maintenance of water and ion homeostasis and thus limiting carbon gain and 
plant growth (CLOUGH et al., 1989; LIN; STERNBERG, 1992). 
We hypothesized that spatial heterogeneity in freshwater availability shapes 
adaptive variation in allele frequencies and in expression profiles of transcripts associated 
with the response to and tolerance of limiting freshwater in tropical trees. We sampled A. 
germinans individuals along a wide longitudinal range in an equatorial region (from 0°43'12" 
S to 8°31'48" S of latitude), showing narrow spatial heterogeneity in temperature and solar 
radiation, but encompassing high variation in the intensity and duration of the dry season, in 
annual precipitation levels and in riverine freshwater input, which influence levels of soil 
salinity (Figure 1). We used the Nextera-tagmented reductively-amplified DNA (nextRAD) 
sequencing approach for the identification and genotyping of genome-wide single nucleotide 
polymorphisms (SNPs). We analyzed the organization of the genetic structure and performed 
statistical tests to identify candidate loci for selection. To minimize false positives in the 
detection of candidate loci (LOTTERHOS; WHITLOCK, 2015), we used distinct approaches: 
(1) based on the identification of loci deviating from neutral models of interpopulational 




association tests. RNA sequencing (RNA-Seq) was used to assemble and characterize the 
transcriptome of the species, providing a functional basis for the annotation of candidate loci 
for selection. Additionally, we examined the role of molecular adaptation to highly 
contrasting soil freshwater availability and salinity via differential gene expression analysis 
between samples from adjacent sites differing in tidal inundation frequency (LARA; COHEN, 
2006; PRANCHAI et al., 2017), acclimated in pots under homogeneous, watered conditions. 
Our results provide multiple evidences of adaptive responses of A. germinans to the 
environmental heterogeneity in freshwater availability, including a case of rapid evolution in 
response to limited access to freshwater limitation, with changes in phenotype and in the 
genetic profile, despite clear possibility of gene flow. We highlight the relevance of 
environmental heterogeneity in water availability as a key selective pressure in tropical tree 
species. 
 
Figure 1. Avicennia germinans sampling sites along a low-latitude precipitation gradient. 
Black points represent sampling sites, green area represents the occurrence of the species, and 
blue areas represent ponds and rivers. Top: Geographical location of the study area and 
sampling sites. Bottom: Environmental variation across the sampling sites (source: 





2. Materials and methods 
2.1 Study area 
Sampling sites were located over more than 1,800 km of the north-northeast 
Brazilian coastline, between 0.724° S and 8.526° S of latitude, along a spatial gradient in 
freshwater availability (Table 1, Figure 1). We classified this area into three distinguishable 
regions, based on rainfall regimes and riverine freshwater inputs: (1) the Amazon Macrotidal 
Mangrove Coast (AMMC), the world’s largest continuous mangrove belt (NASCIMENTO 
JR. et al., 2013), which has a mean annual precipitation above 2,000 mm yr-1 and is 
influenced by the mouth of the Amazon River; (2) mangroves of Northeast Brazil, which 
show limited forest development (SCHAEFFER-NOVELLI et al., 1990) and is characterized 
by the lack of riverine freshwater inputs and a mean annual precipitation below 2,000 mm yr-
1, with pronounced and long dry seasons, and less than 30 mm of precipitation in the driest 
quarter; and (3) a region influenced by the southward-flowing branch of the South Equatorial 
coastal current (SEC), characterized by reduced riverine freshwater inputs, mean annual 
precipitation below 2,000 mm yr-1, but less pronounced dry season, showing more than 100 
mm of precipitation in the driest quarter. 
In the AMMC, two adjacent sites require a more detailed description, both of 
which are located in the peninsula of Ajuruteua, state of Pará, between the Maiaú and Caeté 
estuaries (Figure 2). These sites were previously covered by a preserved mangrove forest 
(COHEN; LARA, 2003) and were divided by the construction of a road. The hydrology part 
of the forest was dramatically changed, no longer being influenced by the Caeté River. 
Instead, it started flooding exclusively during the highest spring tides of the Maiaú River. 
These changes resulted in the local forest dieback and subsequent recolonization, mainly by 
A. germinans. Soil pore water salinity accumulated to extremely high levels (100 ppt at a 50-
cm depth), and the air surface temperature frequently exceeds 40 °C (VOGT et al., 2014). 
These environmental features contributed to the dwarfism of recolonizing individuals 
(COHEN; LARA, 2003; PRANCHAI et al., 2017), whose shrub architecture (up to 2.0 m in 
height) contrasts to the former tall morphology (up to 30 m in height), still observed on 
surrounding areas, where the hydrology remained unaltered (MENEZES; BERGER; 
MEHLIG, 2008) (Figure 2). Throughout this work, we refer to the western side of the road as 





Figure 2. PA-arid and PA-humid sampling sites. (a) Geographical location of sites, 
highlighted by a square (red colored area: PA-arid); (b) photograph of a section of the 
Bragança-Ajuruteua road (Pará, Brazil) along which severe changes in hydrology altered the 
mangrove community and tree morphology; (c) detailed photographs of the PA-arid and PA-
humid sites. Photographs authors: G.M. Mori and M.V. Cruz. 
 
2.2 DNA extraction and sequencing 
Leaves from 57 adult A. germinans trees were sampled in seven distinct sites 
(Table 1) and stored in bags with silica gel. DNA extraction was performed using the DNeasy 
Plant Mini Kit (QIAGEN) and NucleoSpin Plant II (Macherey Nagel). DNA quality and 
quantity were assessed using 1% agarose gel electrophoresis and QuantiFluor dsDNA System 
in a Quantus fluorometer (Promega). NextRAD libraries were constructed by SNPsaurus 
(SNPsaurus, LLC) (RUSSELLO et al., 2015). Genomic DNA fragmentation and short-adapter 
ligation were performed with Nextera reagent (Illumina, Inc.), followed by amplification, in 
which one of the primers matched the adapter and extended by nine arbitrary nucleotides of 
DNA. Thus, amplicons were fixed at the selective end, and their lengths depended on the 
initial fragmentation, leading to consistent genotyping of amplified loci. Subsequently, 
nextRAD libraries were sequenced in a HiSeq 2500 (Illumina, Inc), with 100-bp single-end 











Table 1. Characterization and geographic location of Avicennia germinans sampling sites. 
Sampling site ID Climate classification†  Latitude; Longitude 
Number of samples 
nextRAD RNA-Seq 
MRJ Am 00.72 S; 48.49 W 8 - 
PA-arid‡  Am 00.90 S; 46.69 W 9 3 
PA-humid Am 00.94 S; 46.72 W 9 3 
ALC Aw 02.41 S; 44.41 W 5 - 
PNB Aw 02.78 S; 41.82 W 9 - 
PRC Aw 03.41 S; 39.06 W 7 - 
TMD As 08.53 S; 35.01 W 10 - 
†Köppen-Geiger climate classification system (ALVARES et al., 2013). Am: Tropical 
monsoon climate; Aw: Tropical wet savanna climate; As: Tropical dry savanna climate. 
‡Samples from a forest flooded exclusively during spring tides (Lara & Cohen, 2006). 
 
2.3 SNP detection and genotyping 
Genotyping-by-sequencing used custom scripts (SNPsaurus, LLC) to create a 
reference catalog of abundant reads. Read mapping to the catalog allowed two mismatches. 
Biallelic loci present in at least 10% of samples were selected for the following steps. Using 
VCFtools 0.1.12b (DANECEK et al., 2011), we selected high-quality sequences (Phred score 
> 30), allowing a maximum of 65% missing data and one SNP per sequence, requiring a 
minimum coverage of 8x and a minor allele frequency ≥0.05 (Supplementary Figure S1). To 
reduce false SNP detection rates due to paralogy or low-quality genotype calls, we used a 
maximum read of 56, resulting from the product of the average read depth and 1.5 standard 
deviation of the mean. 
 
2.4 Genetic structure analysis and identification of candidate SNP loci associated with 
extreme water-stress tolerance 
We described the genetic structure of A. germinans by a multivariate model-free 
method, the discriminant analysis of principal components (DAPC) (JOMBART; 
DEVILLARD; BALLOUX, 2010), and ADMIXTURE 1.3.0 (ALEXANDER; NOVEMBRE; 
LANGE, 2009). For DAPC, we considered numbers of groups from 1 to 15 and the Bayesian 
information criteria to determine the number of groups (K) and used the optim.a.score 
function to avoid overfitting during discrimination steps. For ADMIXTURE analysis, we 
performed three separate runs for values of K varying from 1 to 10, using the block-relaxation 
method for point estimation. Computing was terminated when estimates increased by less 




To detect signatures of natural selection, we used three distinct methods. Loci that 
were highly correlated with the environmental structure (false discovery rate (FDR) <0.05) 
were detected using the R package LEA (FRICHOT; FRANÇOIS, 2015), which is based on 
analyses of genetic structure and ecological association (G-E association tests). 
Environmental data consisting of bioclimatic and oceanographic variables were retrieved 
from the public databases WorldClim (HIJMANS et al., 2005) (15 precipitation, radiation and 
air vapor pressure layers) and Marspec (SBROCCO; BARBER, 2013) (four sea surface 
salinity and temperature layers). To minimize the interdependence of variables, we used a 
correlation threshold of 0.8 (Supplementary Figure S2). Because the environmental data 
obtained for PA-arid could not be distinguished from those obtained for PA-humid with the 
highest-resolution WorldClim and Marspec layers, despite their clear abiotic divergence 
(Figure 2), we excluded PA-arid individuals in LEA analysis. 
To overcome limitations in the acquisition of environmental data for the PA-arid 
site, two other methods were used to detect candidate loci for selection, which are solely 
based on deviations from neutral expectations of allele frequency distributions, regardless of 
environmental variation data across sampling sites (FST outlier tests). With Pcadapt 2.0 (LUU; 
BAZIN; BLUM, 2016), population structure is determined by a principal component analysis. 
A disproportional relation to this structure (FDR < 0.05) is indicative of selection. With 
Lositan (ANTAO et al., 2008), which uses the FDIST2 method (BEAUMONT; NICHOLS, 
1996), we assessed the relationship between FST and HE to describe the neutral distribution 
under an island migration model. Hence, we detected loci with excessively high or low FST. 
Because Lositan may show partially divergent results among independent simulations, we 
only considered candidate loci conservatively identified in three independent simulations 
assuming an infinite allele model of mutation, with a confidence interval of 0.99 and a FDR < 
0.05, using the neutral mean FST and forcing the mean FST options. 
Demographic histories can affect the statistical power of tests of selection 
(LOTTERHOS; WHITLOCK, 2015); thus, type I and type II errors are frequently associated 
with these approaches (NARUM; HESS, 2011). We minimized the potential for false 
discovery by identifying consensus candidate loci for selection among the distinct methods 
used for two datasets: (1) the entire genotypic dataset, including PA-arid individuals, using 
Lositan and Pcadapt consensus candidates and (2) a subset of genotypic data with 
environmental information, which excluded the PA-arid samples, using Lositan, Pcadapt and 





2.5 Functional annotation of candidate loci putatively under natural selection 
We functionally annotated candidate loci through the reciprocal nucleotide 
alignment between nextRAD sequences and the reference transcriptome characterized in the 
present study. Blast+ 2.2.31 (CAMACHO et al., 2009) was used with a threshold of at least 
50 aligned nucleotides, a maximum of one mismatch and no gaps (Supplementary Figure S1).  
 
2.6 Plant material for transcriptome assembly and differential expression analysis 
On August 16th, 2013, three similarly sized seedlings of A. germinans with 5-9 
stem nodes were collected from the PA-arid and PA-humid sites, separated by the Bragança-
Ajuruteua road (Figure 2), and transplanted with the surrounding soil into 3.0-L pots. For 
acclimation in a homogeneous environment, pots were placed in open-air and naturally 
shaded conditions and were watered daily after the sunset, with 300 mL of tap water. Plants 
were harvested at noon, after 72 hours of acclimation, washed with water and split into roots, 
stems and leaves with a sterile blade to be stored in RNAlater (Ambion Inc., Austin, TX, 
USA) and transported to the laboratory for RNA extraction (Figure 3). 
 
Figure 3. RNA sequencing experimental design. Similarly sized Avicennia germinans 
seedlings naturally grown under adjacent, but contrasting field conditions were collected and 
transplanted into pots, where they acclimated for 72 hours under homogenous treatment. RNA 
was extracted from leaves, stems and roots for transcriptome sequencing. The transcriptome 





2.7 RNA extraction, cDNA library preparation and RNA sequencing 
RNA extraction was performed according to Oliveira, Viana, Reátegui, & Vincentz 
(2015). To assess purity, integrity and concentration, we used 1% agarose gel electrophoresis 
and a NanoVue spectrophotometer (GE Healthcare Life Sciences, Buckinghamshire, UK). 
Subsequently, cDNA-enriched libraries were constructed using TruSeq RNA Sample 
Preparation kits (Illumina Inc., California, USA). Libraries qualities were assessed using an 
Agilent 2100 Bioanalyzer (Agilent Technologies, California, USA) and concentrations were 
quantified using quantitative real-time PCR (qPCR), with a Sequencing Library qPCR 
Quantification kit (Illumina Inc.). Sequencing was performed with two 36-cycle TruSeq SBS 
paired-end kits (Illumina Inc.) on a Genome Analyzer IIx platform (Illumina Inc.). 
 
2.8 Transcriptome assembly and functional annotation of transcripts 
Raw data were filtered by quality, using Phred >20 for 70% of the read length, and 
adapters were trimmed using NGS QC Toolkit 2.3 (PATEL; JAIN, 2012). Filtered reads were 
de novo assembled into transcripts using the CLC Genomics Workbench 
(https://www.qiagenbioinformatics.com/). The distance between paired-end reads was set to 
300-500 bp, the k-mer size was set to 45 bp, and the remaining default parameters were not 
changed. 
Reads were mapped to the transcriptome using Bowtie1 (LANGMEAD et al., 
2009), and contiguous sequences (contigs) without read-mapping support were removed from 
the assembly. For transcript annotation, we used blast+ 2.2.31 (CAMACHO et al., 2009), 
with an e-value <1e-10, using reference sequences from manually curated databases, as the 
National Center for Biotechnology Information (NCBI) RefSeq protein and RefSeq RNA 
(O’LEARY et al., 2016) and representative proteins and cDNA from The Arabidopsis 
Information Resource (TAIR) (BERARDINI et al., 2015). We removed putative contaminant 
contigs from the assembly, which did not match plant sequences but showed high similarity to 
nonplant sequences from the NCBI’s RefSeq database. Sequences were assigned to the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) orthology (KO) identifiers using the KEGG 
Automatic Annotation Server (KAAS) (MORIYA et al., 2007). Protein family domains were 
searched using the Pfam database and the HMMER3 alignment tool (FINN et al., 2014). 
We identified putative open reading frames (ORFs) using the program 
TransDecoder (http://transdecoder.sf.net) with default parameters. Redundant transcripts were 




identity and 70% coverage of the shortest sequence thresholds. To minimize redundancy, in 
the final assembly, we retained only sequences with the longest putative ORF and the longest 
putative non-coding transcripts from each Cd-hit-est clusters. Functional categories were 
assigned to putative coding sequences using the Arabidopsis thaliana association file from the 
Gene Ontology Consortium website (BLAKE et al., 2015) (Supplementary Figure S1). 
 
2.9 Analysis of differentially expressed transcripts (DET) 
Counts of reads mapped to assembled transcripts per sequenced sample were used as 
input files in DET analyses. Reads that mapped to multiple transcripts were excluded. The 
count matrix was normalized and used to detect transcripts with significant differential 
expression between PA-arid and PA-humid samples from the Bragança-Ajuruteua road 
(Figures 2 and 3) with the EdgeR Bioconductor package (ROBINSON; MCCARTHY; 
SMYTH, 2010) at a FDR <0.05. Gene Ontology (GO) term enrichment analyses were 
performed using the goseq R Bioconductor package (YOUNG et al., 2010), which takes the 
length bias into account, with the default Wallenius approximation method and a p-value 
cutoff set to <0.05 (Supplementary Figure S1). 
 
3. Results 
3.1 Organization of the genetic diversity 
We identified substantial genetic structure in A. germinans over a low-latitude 
region of the Brazilian coast, subject to highly variable rainfall and riverine freshwater inputs 
(Figure 1). The genetic diversity, based on 2,297 genome-wide SNPs genotyped in 57 
individuals, was organized into four distinct genetic clusters (K=4) (Figure 4a, Supplementary 
Figure S3a-b). The most remarkable divergence was observed between individuals from TMD 
and all other sites (Figure 4b-c). Also notable was the divergence between individuals from 
PA-arid and its adjacent site, PA-humid (Figure 2). Individuals from PA-arid showed some 
genetic similarity to those from PRC, located over 900 km away (Figure 4a). The divergent 
gene pool of the PA-arid population was also evident when these samples were excluded from 
structure analyses. The most likely number of ancestral populations dropped from four to 
three (Figure 4c-d, Supplementary Figure S3c-d), and the overall structure remained 
unchanged (Figure 4d). At a finer scale, individuals from PA-humid and MRJ sites, in the 
Amazon Macrotidal Mangrove Coast (AMMC), seemed to be derived from the same ancestral 
population. This population, in turn, diverged from the population that may have given rise to 





Figure 4. Genetic structure inferred from genome-wide single nucleotide polymorphism 
(SNP) detected in Avicennia germinans. (a) Attribution of ancestry implemented in the 
program Admixture 1.3.0 for all sampled individuals; stacked bars represent individuals, and 
each color represents one ancestral cluster (K=4). (b) Scatterplot of the first two principal 
components of the multivariate discriminant analysis of principal components (DAPC) of 
total genetic variance; all sampled individuals are represented as points; distinct symbols 
indicate sampling sites. (c) Attribution of ancestry (using Admixture 1.3.0) for all sampled 
individuals, excluding PA-arid samples; stacked bars represent individuals, and each color 
represents one ancestral cluster (K=3). (d) Scatterplot of the first two principal components of 
the DAPC of total genetic variance; sampled individuals, except for individuals sampled in 
the PA-arid site, are represented as points; distinct symbols indicate sampling sites. 
 
3.2 De novo assembly and annotation of the Avicennia germinans reference 
transcriptome 
We used RNA-Seq to sequence and de novo assemble a reference transcriptome 
from leaves, stems and roots of A. germinans seedlings, providing a functional context for this 
study. A total of 249,875,572 high-quality-filtered, paired-end, 72-bp reads, representing 
78.25% of the raw data was used in the assembly. The reference transcriptome comprised 
47,821 contigs, after removal of misassembled, redundant and contaminant sequences. 
Putative ORFs were identified in 29,854 contigs, subsequently annotated as putative protein-
coding transcripts. The remaining 17,967 contigs were classified as putative non-coding 




Raw reads were mapped back to the reference transcriptome, with over 82% 
uniquely mapped to a single transcript and only 1.31% mapped to more than one transcript 
(Supplementary Table S2). We found 91.74% of the plant universal orthologs from the 
BUSCO database (SIMÃO et al., 2015) represented in the reference transcriptome 
(Supplementary Table S2). We also found from 20,529 to 31,348 putative orthologous 
sequences between the A. germinans transcriptome and four other publicly available 
transcriptomes derived from the genus Avicennia L. (Acanthaceae) (Supplementary Table 
S3).  
 As expected, most putative protein-coding transcripts of the reference 
transcriptome could be annotated using relevant databases (92.6%), whereas only a few 
putative non-coding transcripts could be annotated (33.6%) (Supplementary Figure S4). We 
found 2,207 putative coding transcripts (7.4%) and 11,925 putative non-coding transcripts 
(66.4%) unique to A. germinans, which may represent lineage specific sequences. 
 
3.3 Detection of candidate loci responding to environmental selection 
Genome-wide signatures of selection were detected from genotypic data retrieved 
from samples from all seven sites of collection (Figure 4a-b). Fifty-six putative outlier loci 
were consistently identified by two FST outlier methods, solely based on deviations from 
neutral expectations of the distribution of genetic diversity. Eleven of these loci aligned to 
sequences in the reference transcriptome, of which eight were highly similar to proteins 
associated with the response or tolerance to drought in A. thaliana or Sesamum indicum 
(Supplementary Figure S5). 
The exclusion of PA-arid samples was necessary for G-E association tests, due to 
limitations in the resolution of Marspec and WorldClim environmental layers. From the 
remaining subset of 48 individuals from six sampling sites, further 153 candidate loci for 
selection were identified by G-E correlation and two FST outlier approaches. Out of these 
candidate loci, 24 aligned to the reference transcriptome, of which 20 were putative protein-
coding showing high similarity to gene models from A. thaliana or S. indicum 
(Supplementary Figure S5). 
Among all candidate loci for selection detected along the sampling region, we 
found 14 loci associated with plant growth and development, wood formation, cell wall 
metabolism, biogenesis of the photosynthetic apparatus, abiotic stress perception and response 




characterization of candidate loci within putative coding sequences is available in 
Supplementary Table S4. 
 
Figure 5. Schematic representation of key biological processes related to physiological 
drought-tolerance or response associated with candidate loci for selection in Avicennia 
germinans samples along tropical mangrove forests of the north-northeastern Brazilian 
coast. Candidate loci were detected from two datasets: (1) all sampled individuals, using FST 
outlier tests (marked with §) and (2) a subset of individuals, without samples from the PA-
arid site, combining genetic-environmental association tests and FST outlier approaches 
(marked with ¶). 
 
Table 2. Annotation of candidate SNP loci putatively under selection, associated with 
tolerance of or response to physiological drought. Candidate loci were detected from two 
datasets: (1) all sampled individuals, including PA-arid samples, using FST outlier approaches 
and (2) a subset of samples, excluding individuals from the PA-arid site, combining genetic-
environmental association tests and FST outlier tests. 
Dataset Transcript ID Similar to† 
Environmental 







Regulation of the biosynthesis of cellulose and 
hemicellulose in wood fibers and the expression 
of lignin-polymerizing and signaling genes 








Fundamental for the development of secondary 
cell wall band patterning in xylem tracheids and 
for wood formation, playing a role in the 
anisotropic expansion of cells (PESQUET et al., 
2010) 








May play a role in hormones and abiotic stress 
sensing and signaling (TEN HOVE et al., 2011; 
VAN DER DOES et al., 2017) and in regulating 









ronate lyase family 
protein 
PWQ 
Associated with the degradation of the cell wall 
polysaccharides, and pectin (MCDONOUGH et 
al., 2004) 







Associated with photosynthetic machinery 
biogenesis, stabilization and repair (BOHNE et 
al., 2016) 








Associated with the thylakoid membrane 
biogenesis and chloroplast protein synthesis and 
essential for early embryogenesis in response to 
light stimulus (BANG et al., 2009) 
1 and 2 Ag_29619 
AT2G18500, 
OFP7, ovate 
family protein 7 
PWQ 
May be involved in various aspects of plant 
growth and participate in suppressing cell 
elongation (WANG et al., 2007; WANG; 
CHANG; ELLIS, 2016) 





Regulation of the activity of Hsp70 chaperones 
(WALSH et al., 2004) and protein protection 












Associated with the control of plant growth and 






The Ag_135 transcript has a kinase domain and 
is associated with growth and abiotic stress 







Involved in the lignification of the cell wall; 
mediates the oxidation of monolignols 
(DANIEL et al., 2015) and is required for 








Associated with the control of plant growth and 
development and critical for seedling regulation 
of abscisic acid perception and signaling 






Involved in the biosynthesis of UDP-glucuronic 
acid, providing nucleotide sugars for the 
polymerization of cell wall compounds 
(PIESLINGER; HOEPFLINGER; 
TENHAKEN, 2010) 
2 Ag_11269 AT2G25730, unknown protein PWQ 
The Ag_11269 transcript has a TPR2 domain 
and, thus, may be involved in photosynthetic 
machinery biogenesis, stabilization and repair 
(BOHNE et al., 2016) 
†Blastx hit to Arabidopsis thaliana or Sesamum indicum [when indicated] gene models. 
‡NA: Genetic-environment association tests not performed in the entire dataset (1) due to 




Precipitation of the warmest quarter; PSEASON: Precipitation seasonality; PDM: 
Precipitation of the driest month. 
 
3.4 Differential transcript expression analysis 
Transcriptome sequencing of seedlings grown under contrasting field conditions, 
revealed significant expression differences in 2,454 transcripts, despite previous 
acclimatization under homogeneous shaded, well-watered conditions (Figure 3). Most DETs 
were detected in roots (2,337) and in stems (1,383), followed by leaves (361) (Supplementary 
Figure S6). We refer to DETs that showed higher expression levels in samples from the PA-
arid site than in samples from the PA-humid site as “DET-Arid” and to DET showing a 
significantly higher expression in samples from the PA-humid than in samples from the PA-
arid site as “DET-Humid”. 
The functional annotation and subsequent assignment of most putative protein-
coding transcripts to GO terms (76.24%) (Supplementary Figure S4) enabled the assessment 
of DETs that highlighted key aspects of a differential response of A. germinans to contrasting 
source environments, differing markedly in hydrological regime, soil pore water salinity and 
surface temperature (LARA; COHEN, 2006; VOGT et al., 2014). We focused this analysis on 
enriched biological processes previously identified to be involved in the tolerance, resistance 
or response to osmotic and drought stress in various crops, model and non-model species, 
including mangroves (Figure 6). 
 
Figure 6. Functional categories of differentially expressed transcripts (DETs) identified 
between samples grown in the PA-arid and PA-humid sampling sites. The categories 
were selected based on biological processes previously identified to be involved in the 






Mangroves have aerial, photosynthesizing roots, which contribute to carbon gain 
and enable root respiration in anaerobic soils, using both atmospheric and photosynthetically 
regenerated oxygen (KITAYA et al., 2002). Transcripts associated with photosynthesis were 
enriched in roots from the DET-Arid set. These transcripts included putative enzymes 
required for chloroplast biogenesis or development, such as HEAT SHOCK PROTEIN 90-5 
(HSP90-5) (OH et al., 2014), the THYLAKOID FORMATION 1 (THF1) (WANG et al., 
2004), RNA POLYMERASE SIGMA SUBUNIT 2 (SIGB) (SHIRANO et al., 2000) and 
TRANSLOCASE SUBUNIT SECA1 (SECA1), which is also involved in acclimation to 
fluctuating light (LIU et al., 2010). Additionally, transcripts supposedly encoding several 
subunits of the photosynthetic apparatus and light-harvesting complexes were identified in the 
DET-Arid set. These DETs included photosystem II (PSII) subunits PSBX, PSBO-2, PSBQ-
2, PSBR, PSBP-1, PSBY, PSII REACTION CENTER W (PSBW) and CHLOROPHYLL A-
B BINDING (PSBS); photosystem I (PSI) subunits PSAD-2, PSAE-2, PSAF, PSAG, PSAH-
2, PSAL, PSAO, and PSI REACTION CENTER PSI-N (PSAN); ATP SYNTHASE DELTA-
SUBUNIT (ATPD); all subunits from the PSII light-harvesting complex (LHCA1-5) and 
most subunits from PSI (LHCB1-6). The DET-Arid set of roots also included transcripts 
associated with the C3 carbon fixation pathway, for instance, GLYCERALDEHYDE-3-
PHOSPHATE DEHYDROGENASE, subunits A and B (GAPA1, GAPB) and their activator, 
THIOREDOXIN F-TYPE 1 (TRXF1) (MARRI et al., 2009); two CALVIN CYCLE 
PROTEINS (CP12-2, CP12-3), PHOSPHOENOLPYRUVATE CARBOXYLASE 4 (PPC4), 
PYRUVATE ORTHOPHOSPHATE DIKINASE (PPDK), RIBULOSE BISPHOSPHATE 
CARBOXYLASE SMALL CHAIN 1A (RBCS1A) and its activator, RUBISCO ACTIVASE 
(RCA); and two FRUCTOSE-1,6-BISPHOSPHATASES (CFBP1, CYFBP). Additionally, 
transcripts similar to chlorophyll biosynthesis enzymes were enriched in the DET-Arid set, as 
ISOPENTENYL DIPHOSPHATE ISOMERASE 1 (IPP1), MAGNESIUM-CHELATASE 12 
(CHLI2) and the subunit CHLH (GUN5), DICARBOXYLATE DIIRON PROTEIN (CRD1), 
the PROTOCHLOROPHYLLIDE OXIDOREDUCTASE C (PORC) and GLUTAMYL-
TRNA REDUCTASE (HEMA1).  
 
3.4.2. Response to light 
The DET-Arid set was enriched in transcripts associated with the response to light 




light acclimation, similar to PSII dephosphorylating PROTEIN PHOSPHATASE 2C (PBCP) 
(SAMOL et al., 2012) and RNA POLYMERASE SIGMA FACTOR A (SIGA), which are 
essential for maintaining electron flow and photosynthetic efficiency under changing light 
conditions (PRIVAT et al., 2003). The DET-Arid set also included putative light-signaling 
genes and photoreceptors, as the blue light photoreceptors PHOTOTROPINS 1 and 2 
(PHOT1, PHOT2), CRYPTOCHROME 1 (CRY1) and the red/far-red photoreceptors 
PHYTOCHROME E and A (PHYE, PHYA). These photoreceptors are sensitive to light 
intensity and control complex light and stress responses, including photoinduced movements 
as well as growth and development under limiting light (CORRELL et al., 2003; OHGISHI et 
al., 2004; PEDMALE et al., 2016). Complementarily, we identified transcripts similar to 
proteins that interact with these photoreceptors in the mediation of shade avoidance and 
phototropism under low light. For instance, B-BOX DOMAIN PROTEIN 24 (STO), 
CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) and SPA PROTEINS (SPA2, SPA4) 
(CROCCO et al., 2015; HOLTKOTTE et al., 2017; INDORF et al., 2007; PACÍN et al., 2016; 
PEDMALE et al., 2016). Furthermore, we identified DETs similar to the low light-induced 
transcription factors HOMEOBOX PROTEIN 1 and 52 (HB1, HB52), regulatory of 
developmental processes (HENRIKSSON et al., 2005); the PSEUDO-RESPONSE 
REGULATOR 5 (PRR5) (TAKASE et al., 2013), which regulates growth in the shade 
avoidance response; and a transcript associated with chloroplast accumulation upon low blue 
light, J-DOMAIN PROTEIN REQUIRED FOR CHLOROPLAST ACCUMULATION 
RESPONSE 1 (JAC1) (SUETSUGU et al., 2005). Remarkably, in the DET-Arid set, we 
detected putative proteins required during sugar starvation induced by dark, namely, 
THIAMIN DIPHOSPHATE-BINDING FOLD PROTEIN (THDP-binding), 2-OXOACID 
DEHYDROGENASES ACYLTRANSFERASE (BCE2), GLUTAMINE-DEPENDENT 
ASPARAGINE SYNTHASE 1 (DIN6) and TRANSKETOLASE (DIN4) (FUJIKI et al., 
2000, 2001, 2002). 
 
3.4.3. Response to water deprivation and response to salt 
The DET-Arid sets of roots and stems were enriched in transcripts associated with 
the response to osmotic stress and water deprivation, including putative genes that play 
relevant roles in drought and salt stress resistance. For example, various transcripts associated 
with the positive regulation of abscisic acid (ABA)-dependent stomatal closure, such as 
LIPASE/LIPOOXYGENASE PLAT/LH2 (PLAT1) (HYUN et al., 2014); THIAZOLE 




KINASE 1 (CIPK1) (D’ANGELO et al., 2006); ZEAXANTHIN EPOXIDASE (ZEP) (PARK 
et al., 2008); the CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COP1) (MOAZZAM-
JAZI et al., 2018); FORMS APLOID AND BINUCLEATE CELLS 1B and 1C (FAB1B, 
FAB1C) (BAK et al., 2013); and PHOSPHOLIPASE D DELTA (PLDDELTA) (KATAGIRI; 
TAKAHASHI; SHINOZAKI, 2001; URAJI et al., 2012). Additionally, in the DET-Arid set, 
we detected putative ion transporters, as SLAC1 HOMOLOGUE 3 (SLAH3), essential for 
efficient stomatal closure and opening and induced by drought stress (ZHANG et al., 2016); 
SODIUM:HYDROGEN ANTIPORTER 1 (NHD1), which protects chloroplasts from 
deleterious Na+ concentrations (MÜLLER et al., 2014); and Na+/Ca2+ EXCHANGER (NCL), 
involved in Ca2+ homeostasis under abiotic stress (WANG et al., 2012). Complementarily, in 
the DET-Arid set, we found transcripts associated with biosynthesis and accumulation of 
oligosaccharides and increasing tolerance of osmotic stress, as GALACTINOL SYNTHASE 
1 (GolS1) (NISHIZAWA; YABUTA; SHIGEOKA, 2008) and RAFFINOSE SYNTHASE 
(DIN10) (TAJI et al., 2002). Transcripts induced by drought associated with epicuticular wax 
biosynthesis and transport were also among the DET-Arid. For example, transcripts similar to 
MYB DOMAIN PROTEIN 94 (MYB94), a key activator of wax biosynthesis genes (LEE; 
SUH, 2015); to the fatty acid hydroxylase ECERIFERUM1 (CER1) (BOURDENX et al., 
2011), activated by MYB94; WHITE-BROWN COMPLEX HOMOLOG PROTEIN 11 
(WBC11), required for exporting wax and cutin monomers (PANIKASHVILI et al., 2007); 
and to LIPID TRANSFER PROTEIN 4 (LTP4), involved in wax or cutin deposition in cell 
walls (CHAE et al., 2010). Additionally, in the DET-Arid set, we detected several transcripts 
associated with reactive oxygen species (ROS) dissipation for the control of cell damage 
caused by drought, high light or salt stress, including putative COPPER/ZINC SUPEROXIDE 
DISMUTASES 1 and 2 (CSD1, CDS2) (ATTIA et al., 2008), CHLOROPLASTIC 
DROUGHT-INDUCED STRESS PROTEIN OF 32 kDa (CDSP32) (BROIN et al., 2002) and 
MAP KINASE 6 (MAPK6) (TEIGE et al., 2004).  
 
3.4.4. Response to heat 
Transcripts similar to genes that confer tolerance to heat were enriched among the 
DET-Arid sets of roots and stems. We detected several putative chaperones that modulate 
thermotolerance, such as the heat-shock proteins (HSPs) HSP17.4 (WEHMEYER et al., 
1996), HSP17.6 (SUN et al., 2001), HSP18.2 (LIM et al., 2006), HSP70 (LEE et al., 2009), 
HSP90.1 (CHA et al., 2013) and HSP101 (QUEITSCH et al., 2000), five HSP20-LIKE 




AT5G51440) (HELM; SCHMEITS; VIERLING, 1995; NISHIZAWA et al., 2006), 
UNIVERSAL STRESS PROTEIN (AT3G53990) (JUNG et al., 2015), the chloroplast 
chaperone CASEIN LYTIC PROTEINASE B3 (CLPB3) (MYOUGA et al., 2006), and co-
chaperones, as ROTAMASE FKBP 1 and 2 (ROF1 and ROF2) (MEIRI et al., 2010; MEIRI; 
BREIMAN, 2009). Additionally, we identified transcripts associated with heat-shock 
response initiation and putative components of thermomemory, as HEAT SHOCK 
TRANSCRIPTION FACTOR A2 (AT2G26150) and HEAT-STRESS-ASSOCIATED 32 




In the DET-Arid set of roots, we detected enrichment of putative genes associated 
with photorespiration similar to enzymes participating in transamination, namely. 
PYRIMIDINE 4 (PYD4), ALANINE:GLYOXYLATE AMINOTRANSFERASE (SGAT) 
and ALANINE-2-OXOGLUTARATE AMINOTRANSFERASE 2 (GGT2) (LIEPMAN; 
OLSEN, 2001); similar to PEROXISOMAL NAD-MALATE DEHYDROGENASE 1 
(PMDH1), which is required for maintaining photosynthesis under photorespiratory 
conditions and for carbon flow during photorespiration (COUSINS et al., 2011); and D-
GLYCERATE 3-KINASE (GLYK), which catalyzes the concluding reaction of 
photorespiration (BOLDT et al., 2005). 
 
4. Discussion 
We presented a major role of variation in freshwater availability driving adaptive 
molecular responses of a typically tropical and widespread tree. Our results indicate that 
gradual changes in freshwater inputs from both precipitation and rivers along a spatial 
gradient (Figure 1) play an important role in the specialization of individuals of Avicennia 
germinans, via natural selection. Limit gene flow by geographical distance and the flow 
direction of coastal sea currents may have facilitated the accumulation of adaptive 
differences. Additionally, we described how drastic and persistent restriction in soil 
freshwater availability caused the rapid evolution of phenotype, gene pool and gene 
expression profile of individuals of A. germinans, despite clear possibility of gene flow with 





4.1 Gradual environmental variation in freshwater availability might partly explain the 
organization of non-neutral genetic variation in A. germinans 
The genetic structure inferred by genome-wide SNP loci (Figure 4) suggested the 
importance of both neutral and non-neutral environmental drivers of variation. Remarkable 
divergence was observed between samples influenced by the northern and southern branches 
of the South Equatorial sea current (SEC), corroborating previous results found for various 
coastal trees using putatively neutral molecular markers (FRANCISCO et al., 2018; MORI; 
ZUCCHI; SOUZA, 2015; TAKAYAMA et al., 2008). The bifurcated flow of coastal currents 
provides a neutral explanation to the north-south divergence, due to restrictions in the 
dispersal of buoyant propagules, which likely facilitate the accumulation of random north-
south genetic divergences (Figure 4). Our results also suggest that the lower precipitation of 
the warmest quarter in northern sites (AMMC and Northeast Brazil regions) (Figure 1) may 
play an additional, non-neutral role in shaping this north-south divergence. The closely related 
species, Avicennia marina, has the ability of directly absorbing rainwater through its leaves, 
presenting substantial growth spurts following precipitation events (STEPPE et al., 2018). 
This mechanism has been observed in plants from dry lands (BRESHEARS et al., 2008), 
cloud forests (ELLER; LIMA; OLIVEIRA, 2013) and in conifers (MAYR et al., 2014), and 
might also be present in A. germinans. Complementarily, both aridity and salinity enhance the 
leaf water storage for transient growth under favorable conditions in A. marina, requiring the 
use of alternative water sources to that supplied by roots (NGUYEN et al., 2017). Therefore, 
our results suggest that the more even distribution of rainfall throughout the year in the TMD 
site likely alleviates water-stress in A. germinans, whereas more limited rainfall in the 
warmest quarter of northern regions reduces opportunities for rehydration via foliar water 
uptake (Figure 1), potentially favoring traits, which increase drought-tolerance. It is plausible 
that this environmental filter contributes to the genetic divergence observed between TMD 
and remaining populations (Figure 4). This hypothesis is corroborated by the detection of 21 
loci candidate for selection correlated to the spatial variation in the precipitation of the 
warmest quarter over the study area (Figure 1). Although seven out of these loci were poorly 
characterized, hampering inferences about their functional relevance in the environmental 
context, we were able to associate 11 candidate loci with biological processes influenced by 
drought, as photosynthesis, cell wall metabolism, cell elongation, plant growth, protein 
protection from stress-induced degradation and regulation of abscisic acid signaling (Figure 5, 
Table 2). The adaptive importance of freshwater limitation was also suggested in the 




et al., 2019), for which it was suggested that an environmental filtering mechanism driven by 
high rainfall variability favored the survival of more drought resistant taxa. 
Although Avicennia propagules can remain viable for long periods and present 
transoceanic dispersal (MORI et al., 2015), at a finer scale, we observed a genetic divergence 
between sites in the AMMC region (MRJ and PA-humid) and samples from Northeast 
Brazilian mangroves (ALC, PNB and PRC) (Figure 4). The AMMC region shows higher 
annual precipitation and is more strongly influenced by riverine freshwater inputs than the 
remaining sites, due to closer proximity to the Amazon River Delta (Figure 1). Conversely, 
reduced rainfall and the lack of riverine freshwater inputs in Northeast Brazil could limit 
plants access to soil freshwater, due to increased soil salinity, potentially contributing to the 
local specialization of individuals. Even though we do not have soil salinity data to perform 
direct G-E association tests for selection, we were able to detect two loci correlated with the 
variation in total annual precipitation: one associated with a poorly characterized protein 
kinase and the other, with an RNA hydrolase, also correlated with heterogeneity in mean sea 
surface salinity (Supplementary Table S4). Given the unclear functional relevance of these 
putative adaptive loci in the environmental context, we recommend future efforts to analyze 
the role of other neutral and non-neutral variables, as soil salinity or the demographic history 
of A. germinans, to find additional explanations for the genetic divergence observed between 
AMMC and Northeast Brazilian mangroves (Figure 4). Candidate loci detected in our study 
play a significant role in drought adaptations, but their molecular functions need to be further 
characterized in plants adapted to physiological drought. These proteins may not get 
highlighted in genetic screenings performed on drought-sensitive model plants, distantly 
related to A. germinans. 
  
4.2 Rapid evolution of A. germinans in response to abrupt limitation in access to soil 
freshwater 
The PA-arid population of A. germinans, was originated after 1974, when the 
construction of the Bragança-Ajuruteua road altered the hydrology of part of the mangrove 
forest in the AMMC region (Figure 2) (COHEN; LARA, 2003). This sudden environmental 
change caused a large dieback of the vegetation. Gradually, the impacted area (PA-arid) was 
recolonized, mainly by A. germinans, which started presenting a dwarf, shrub architecture, 
very distinct from the former tall, arboreal architecture, still observed in surrounding areas 
where the hydrology remained unchanged (Figure 2) (PRANCHAI et al., 2017). This 




and/or selection, smaller tree sizes, one of the most integrative characteristic of drought 
resistance (BENNETT et al., 2015; CORLETT, 2016; NAIDOO, 2006; ROWLAND et al., 
2015). Given the geographical proximity (<10.0 m) and the periodic inundation of the PA-
arid site during spring tides, it is reasonable to assume that pollinators and propagules still 
have the possibility to promote gene flow between individuals from PA-arid and surrounding 
populations. Despite clear possibility of gene flow, PA-arid individuals exhibit a substantially 
divergent gene pool (Figure 2, Figure 4a-b). Consistent with an adaptive response to selection, 
FST outlier tests detected eight candidate loci for selection within transcripts associated with 
functions as suppression of cell elongation, wood and xylem tracheids formation, 
photosynthetic machinery biogenesis and repair, regulation of adaptation to stress and of 
protection from stress-induced protein degradation (Table 2, Figure 5). 
Besides genotypic changes, we also identified transcripts expression differences 
between seedlings from PA-arid and PA-humid sites (Table 1, Figure 6) after three days 
acclimatization in pots under shaded, well-watered conditions (Figure 3). Because differential 
gene expression influences trait variation (WOLF; LINDELL; BACKSTROM, 2010), it can 
be substantial between distinct locally adapted populations (AKMAN et al., 2016; GOULD; 
CHEN; LOWRY, 2018). Increased transcripts expression, mainly in roots of PA-arid 
samples, were associated with biological processes previously identified to be involved in 
central aspects of drought-tolerance in model and non-model plants (DING et al., 2013; FAN 
et al., 2018; ZHANG et al., 2015). For instance, we found transcripts associated with ABA-
mediated stomatal closure, a well-known mechanism for maintaining water status under 
drought, which severely compromises growth (MURATA; MORI; MUNEMASA, 2015). 
Stomatal closure reduces the CO2:O2 ratio in mesophyll cells, increasing photorespiration, 
also an enriched process in DET-Arid. Although photorespiration decreases photosynthesis 
efficiency, it plays an essential role in protecting the photosynthetic machinery from damage 
caused by excessive photochemical energy (KOZAKI; TAKEBA, 1996; WINGLER et al., 
2000). Conversely, we also observed an enrichment of genes involved in photosynthesis, 
shade avoidance and response to low light intensity. Being sessile under extremely arid 
conditions, PA-arid plants might need to rapidly adjust photosynthesis gene expression to 
intermittent freshwater availability (Chaves, Flexas, & Pinheiro, 2009; Urban, Aarrouf, & 
Bidel, 2017). The increased freshwater availability and decreased solar irradiance under 
experimental conditions, compared to source-site (Figure 3) likely required that PA-arid 
individuals broadly adjust their photosynthetic machinery. Additionally, we observed several 




proteins and membranes against water-stress-induced changes (AL-WHAIBI, 2011). Various 
transcripts associated with epicuticular wax and cutin synthesis, export and deposition also 
showed higher expression in PA-arid than in PA-humid seedlings, likely reflecting an 
increased protection of cells against detrimental effects of drought by the plant cuticle of PA-
arid plants (AHARONI et al., 2004; JAVELLE et al., 2011). Complementarily, we found 
transcripts associated with the accumulation of raffinose among DET-Arid, functioning as 
osmoprotectants and antioxidants under drought and osmotic stress and maintaining cell 
turgor (ELSAYED; RAFUDEEN; GOLLDACK, 2014). Overall, our comparative 
transcriptomic analyses suggest that PA-arid plants deal better with heat, UV, salt and drought 
than PA-humid plants, through changes in key regulatory mechanisms, which increase abiotic 
stress tolerance. These strategies may have enhanced the relative capacity of PA-arid 
seedlings to grow under high leaf water-deficit status and infrequent freshwater inputs. 
We acknowledge that we cannot disentangle effects from genetic and epigenetic 
divergences underlying the differential transcripts expression observed. Nevertheless, both 
genetic and epigenetic changes might contribute to the observed trait divergence. Epigenetic 
changes can emerge faster than adaptive genetic changes, playing an important role, 
especially in early adaptive process (KENKEL; MATZ, 2016; PAVEY; NOSIL; ROGERS, 
2010). Although the mechanisms are not entirely clear, we provide evidence that a rapid 
evolution of this population occurred, with phenotypic, genetic and gene expression changes. 
The desertification of the PA-arid site represents a drastic and persistent environmental 
change, analogous to a climate change, freshwater exclusion experiment for mangroves of the 
tropical Brazilian coastline, in which limited access to soil freshwater caused the rapid 
evolution of recolonizing A. germinans individuals.  
Although it is difficult to demonstrate rapid evolution in nature, there is growing 
empirical evidence that when environmental selection is very intense, evolutionary processes 
may occur on a very fast time scale (AMORIM et al., 2017; DONIHUE et al., 2018; 
SCHOENER, 2011), even in the case of this long-lived tree, and despite clear possibility of 
gene flow. 
 
4.3 Implications for conservation 
Wetlands of the Northeastern coast of Brazil and the ecosystem services they 
provide are predicted to be particularly impacted by future reductions in precipitation and 
freshwater availability (OSLAND et al., 2018b). Despite these threats, the extant gene pool of 




persistence through natural selection of drought-resistant plants, as observed in the PA-arid 
site. Recolonizing individuals in this location share alleles with individuals from distant areas, 
as the PRC site (Figure 4a), located over 1,200 km away, in Northeast Brazil. Therefore, our 
results suggest that forests from Northeastern Brazilian mangroves contributed as source of 
adaptive variation through sea-dispersed propagules in the recolonization of the PA-arid site, 
additional to the selection on seed-bank or on migrants from closer areas. 
Our findings indicated limited gene flow between populations influenced by 
northern and southern branches of the SEC (Figure 4), suggesting the contribution of neutral 
forces, but also of environmental selection by variation in precipitation of the warmest 
quarter. Given the substantial north-south genetic divergence, we recommend that northern 
and southern populations should be treated as two independently evolving management units 
(MORITZ, 1999). In the context of an increasingly drying climate, reforestation plans for 
populations of A. germinans located south of the SEC should consider the use of mixed stocks 
of seedlings (MORITZ, 1999), to introduce genetic variation associated with increased 
drought-tolerance in Northeaster mangroves, while also maintaining local alleles, possibly 
associated with site-specific environmental characteristics. 
 
4.4 Concluding remarks 
We provide novel evidence of how spatial variation in freshwater availability 
shapes genotypes, gene expression and phenotypes, in a widespread tropical tree. Research on 
the genomic basis of tree adaptation are often limited by difficulties in implementing 
empirical tests, given their long generation time and the scarcity of basic biological 
information. In tropical forests, mostly found in developing countries, the lack of resources 
imposes additional challenges. Advances in the understanding of the genomic basis of 
drought-tolerance in tropical trees can support effective protection plans and mitigating 
climate change. As shown in this study, such knowledge can improve predictions of the 
persistence of the ecosystems they form and services they provide and generate key insight 
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6. Resumo dos Resultados 
Os resultados obtidos estão resumidos a seguir e indicam que os objetivos 
propostos foram alcançados: 
 
Capítulo 1: 
• Encontramos divergências em características ecofisiológicas entre plântulas de 
Avicennia schaueriana provenientes de latitudes contrastantes, cultivadas em um experimento 
de jardim-comum. As características divergentes são relacionadas à segurança hidráulica e à 
aquisição de carbono e incluem: biomassa seca acumulada, refletância de comprimento de 
onda de luzes verde e vermelha do caule, inclinação das folhas, área foliar, diâmetro dos 
vasos do xilema, condutância estomática e transpiração; 
• Disponibilizamos e caracterizamos um transcriptoma de referência de A. schaueriana; 
• Encontramos diferenças de expressão gênica entre indivíduos de A. schaueriana 
amostrados sob condição de campo em latitudes contrastantes associadas a processos 
biológicos como fotossíntese, biossíntese da parede celular, respostas à luz UV, a estímulos 
térmicos e ao estresse hídrico; 
• Encontramos uma forte estruturação norte-sul da diversidade genética de A. 
schaueriana ao longo do gradiente latitudinal da costa Atlântica da América do Sul, usando 
6.170 marcadores SNP genotipados em 77 indivíduos; 
• Identificamos 15 polimorfismos que fogem às expectativas neutras de distribuição 
(sinais de seleção) em A. schaueriana presentes em sequências expressas do genoma, dos 
quais cinco puderam ser associados a processos biológicos como: fotossíntese, biossíntese de 
antocianina, resposta à seca, alta temperatura e hipóxia. 
 
Capítulo 2: 
• Encontramos uma estruturação marcante da diversidade genética de A. germinans, ao 
longo de um gradiente de disponibilidade de água doce (costa Norte-Nordeste do Brasil), 
usando 2.297 marcadores SNP genotipados em 57 indivíduos. Os indivíduos amostrados 
foram atribuídos a quatro populações ancestrais e sua distribuição espacial correspondeu a 
quatro regiões de amostragem: (1) Costa de Manguezais de Macromarés da Amazônia 
(AMMC), (2) um manguezal cuja frequência de inundação foi alterada pela construção de uma 
rodovia (PA-Arid), (3) Manguezais do Nordeste do Brasil e (4) um manguezal influenciado 




• Disponibilizamos e caracterizamos um transcriptoma de referência de A. germinans; 
• Além da divergência genética encontrada entre a população “PA-Arid” e as demais 
populações de A. germinans, apesar da clara possibilidade de fluxo gênico, encontramos 
também diferenças de expressão gênica entre indivíduos provenientes de PA-Arid e da 
floresta adjacente (PA-Humid). As diferenças de expressão após aclimatação sob condições 
homogêneas encontradas em transcritos associados à resposta, aclimatação ou resistência ao 
estresse hídrico indicam a presença de divergências funcionais possivelmente adaptativas 
entre essas populações. Além disso, observamos a presença de divergência fenotípica na 
arquitetura das plantas de PA-Arid e PA-Humid, respectivamente, arbustiva e arbórea. Esse 
conjunto de observações sugerem fortemente um caso de evolução rápida em A. germinans 
causado por uma mudança ambiental abrupta: a limitação intensa e persistente do acesso das 
plantas à água gerada após construção da rodovia Bragança-Ajuruteua (Pará), em 1974; 
• Identificamos 26 polimorfismos que fogem às expectativas neutras de distribuição 
(sinais de seleção) em A. germinans presentes em sequências expressas do genoma, dos quais 
14 foram associados a processos relacionados com a tolerância ou resposta à seca, como: 
metabolismo da parede celular, formação da madeira e metabolismo de celulose, lignina e 
pectina, fotossíntese, crescimento e desenvolvimento, proteção proteica contra desnaturação 



















Nesta tese, examinei o papel da seleção ao longo ambientes heterogêneos na 
disponibilidade de recursos, em parte da distribuição de duas espécies arbóreas tipicamente 
costeiras e tropicais, os mangues Avicennia germinans e A. schaueriana. Nossos resultados 
corroboram conclusões de estudos anteriores realizados com marcadores moleculares neutros 
(microssatélites), que sugeriram que o sentido bifurcado do fluxo da corrente Sul Equatorial 
(SEC) ao longo costa do Brasil tem um importante papel na organização da diversidade das 
plantas costeiras que dispersam suas sementes ou propágulos pela água do mar (FRANCISCO 
et al., 2018; MORI; ZUCCHI; SOUZA, 2015; PIL et al., 2011; TAKAYAMA et al., 2008). 
Complementarmente, demonstramos pela primeira vez que a heterogeneidade ambiental ao 
longo de diferentes escalas na costa Atlântica da América do Sul também deve desempenhar 
um papel essencial no estabelecimento dessas árvores costeiras, via seleção natural. Apesar de 
possuírem uma grande capacidade de dispersão (MORI et al., 2015; TAKAYAMA et al., 
2013), o estudo da diversidade de ambas as espécies forneceu evidências de que o estresse 
hídrico pode ser um dos fatores limitantes no estabelecimento dos indivíduos, influenciando 
na seleção positiva em populações naturais dessas árvores costeiras. Esses resultados são 
muito importantes, já que frequentemente há uma expectativa ingênua de que em regiões 
tropicais muito chuvosas, a disponibilidade de água não limita a sobrevivência das plantas. 
No entanto, diferentes estudos tem demonstrado a importância de eventos de seca na 
mortalidade e na perda de biomassa em árvores dessas florestas tropicais (PHILLIPS et al., 
2010; ROWLAND et al., 2015). Nossos resultados corroboram esses achados e chamam a 
atenção para as consequências genéticas da seca e para a importância de se considerar o papel 
seletivo dessa variável nos planos de conservação da biodiversidade das populações de 
mangues em regiões tropicais. A preservação da diversidade genética dos mangues será 
fundamental para aumentar suas chances de responder, via seleção natural, às alterações 
climáticas num futuro cada vez mais quente e com grandes mudanças no regime de chuvas 
(IPCC, 2014). 
Complementando os achados que sugerem a seca como importante fator limitante 
para essas espécies, apresentamos também fortes evidências de um caso de evolução rápida 
em A. germinans (população “PA-Arid”), em que não somente a arquitetura das plantas 
mudou de arbórea para arbustiva, mas também o perfil de expressão gênica e inclusive o 
perfil genético de uma população foram alterados, provavelmente em resposta à seca. A 




tempo de geração, como os mangues. Apesar disso, estudos recentes tem apresentado 
evidências de que mudanças ambientais abruptas ou eventos extremos tem o poder de causar 
grandes alterações na frequência de características funcionais nas populações naturais 
(AMORIM et al., 2017; DONIHUE et al., 2018). Desta forma, nossos resultados se somam a 
esses estudos, e indicam que a rápida evolução da população “PA-Arid” de A. germinans 
ocorreu em decorrência, principalmente, da súbita mudança na disponibilidade de água e 
aumento da concentração de sal no solo, após a construção da rodovia Bragança-Ajuruteua 
(Pará). Esses resultados chamam atenção para a importância da preservação da zona de 
influência do regime de marés para um desenvolvimento costeiro sustentável, a fim de manter 
a proteção costeira natural, garantida pela presença dos manguezais (LEE et al., 2014). 
Além do papel da seca, encontramos evidências de seleção provavelmente 
causadas por outras variáveis ambientais. Na população de A. schaueriana ao sul da SEC, a 
diferença de expressão (em relação às plantas Equatoriais) e a evidência de seleção em um 
transcrito similar ao fator de transcrição HRA1 (HYPOXIA RESPONSE ATTENUATOR1), 
sugerem que a baixa amplitude de maré (em comparação com as macromarés da região ao 
norte na SEC), e a consequente redução na concentração de oxigênio no solo, provavelmente 
representam uma pressão seletiva importante ao longo da distribuição desta espécie. 
Sinais de seleção positiva, e diferenças de expressão (entre plantas Equatoriais e 
Subtropicais) em transcritos associados à fotossíntese e à biossíntese de antocianina também 
indicam a importância da radiação solar como pressão seletiva. De maneira complementar, 
diferenças observadas entre plântulas provenientes de latitudes contrastantes, cultivadas sob 
jardim-comum, como refletância luminosa e inclinação das folhas, ressaltam a importância 
dessa variável ao longo do gradiente latitudinal na diversificação adaptativa de A. 
schaueriana. 
Nesta tese pudemos, portanto, avançar substancialmente no conhecimento de 
forças ambientais neutras e seletivas que influenciam a diversidade de árvores tropicais e, 
especificamente, dessas espécies de Avicennia, o gênero de mangue mais amplamente 
distribuído no mundo (TOMLINSON, 1986). Esses trabalhos demonstram o poder de se 
utilizar dados biológicos interdisciplinares e complementares para superar limitações e 
desafios nos estudos de espécies não-modelo, com pouco conhecimento biológico prévio. 
Além disso, disponibilizamos em bancos de dados públicos recursos genômicos valiosos para 
o desenvolvimento de marcadores moleculares que podem ser usados em novos estudos 




No cenário preocupante em que a biodiversidade costeira e dos serviços 
ecossistêmicos prestados pelos manguezais estão colocados em risco – seja pelo seu acelerado 
desmatamento (VALIELA; BOWEN; YORK, 2001) ou por estarem entre os habitats mais 
influenciados pelas mudanças climáticas globais (BEAUMONT et al., 2011) –, as análises da 
diversidade dessas árvores dominantes no litoral Brasileiro, fornecem informações valiosas 
para decisões de manejo e conservação, conforme discutimos nos Capítulos 1 e 2 desta tese, 

































Os dados obtidos neste trabalho, juntamente com dados obtidos por sensoriamento 
remoto ou em plataformas públicas de dados climáticos, oceanográficos e edáficos (HENGL 
et al., 2017; HIJMANS et al., 2005; SBROCCO; BARBER, 2013; VESTBO et al., 2018), 
podem ser amplamente explorados no sentido de se examinar às respostas de A. schaueriana e 
A. germinans às alterações climáticas do futuro e do passado. Pretendemos realizar uma 
modelagem de nicho para essas espécies, que possuem distribuição geográfica parcialmente 
simpátrica no Brasil. Apesar do padrão norte-sul da organização da diversidade genética 
dessas espécies, existem diferenças de distribuição e de estruturação em menores escalas 
regionais entre A. germinans e A. schaueriana (MORI; ZUCCHI; SOUZA, 2015), sugerindo 
que existem particularidades nos mecanismos de dispersão destas espécies ou na sua 
capacidade de competição em diferentes localidades. Esse estudo nos permitirá conhecer 
diferenças de nicho existentes entre as espécies na magro-região biogeográfica AEP. Além 
disso, pretendemos realizar uma simulação espacial da distribuição da variabilidade genética, 
conforme na abordagem descrita por FITZPATRICK & KELLER (2015), a fim de prever o 
potencial adaptativo dessas espécies em resposta aos possíveis cenários climáticos previstos 
para o fim deste século. 
Podemos também utilizar esses mesmos dados genômicos para elucidar a história 
evolutiva dessas espécies. O padrão de distribuição convergente em diferentes espécies de 
plantas costeiras, com uma clara divisão norte-sul ao longo da costa Atlântica da América do 
Sul (FRANCISCO et al., 2018; MORI; ZUCCHI; SOUZA, 2015; PIL et al., 2011; 
TAKAYAMA et al., 2008), sugere uma história biogeográfica comum, possivelmente 
mantida pela ação de correntes marinhas e por pressões seletivas ambientais heterogêneas, 
como sugerimos neste trabalho. Este padrão norte-sul também pode estar relacionado com 
aspectos históricos convergentes, como as flutuações climáticas do Quaternário (ALONGI, 
2008; TAKAYAMA et al., 2008; WOODROFFE, 1990). O desenvolvimento de abordagens 
que integram dados genômicos de diferentes grupos de espécies possibilita a aplicação de 
modelos evolutivos na identificação de eventos demográficos do passado (CARNAVAL et 
al., 2009; CHAN; SCHANZENBACH; HICKERSON, 2014). Este tipo de investigação 
possibilita a identificação de coincidências temporais nas histórias demográficas dos táxons, 
fornecendo evidências sobre eventos biogeográficos que podem ter influenciado a resposta 
das comunidades de mangue ao clima histórico, bem como os níveis e padrões de diversidade 




 À luz da genômica da paisagem, estamos também utilizando o mesmo conjunto 
de dados, para quantificar a contribuição relativa das diferentes variáveis ambientais e 
espaciais (como distância geográfica e barreiras) para a organização da diversidade genética 
em regiões neutras e não neutras do genoma das duas espécies do gênero Avicennia, 
dominantes na costa Atlântica da América do Sul. As análises estão sendo feitas, pela aluna 
de Mestrado Michele Fernandes da Silva, por mim e pelo Prof. Gustavo Mori (UNESP), 
usando metodologias baseadas em regressão linear, como a regressão de múltiplas matrizes 
com randomização (MMRR, do acrônimo em inglês, “Multiple Matrix Regression with 
Randomization”) (WANG; GLOR; LOSOS, 2013) e como na abordagem utilizada por 
MANTHEY & MOYLE (2015).  
Com o crescente número de genomas e transcriptomas publicados, as sequências 
disponibilizadas nos transcriptomas de A. germinans e A. schaueriana podem ser úteis para 
futuros estudos evolutivos que busquem encontrar, por exemplo, evidências genômicas da 
evolução convergente que permitiu que plantas terrestres de diferentes linhagens 
“retornassem” para o ambiente marinho, formando os manguezais (DASSANAYAKE et al., 
2009; LYU et al., 2018; XU et al., 2017). Além disso, esses dados podem ser usados para o 
desenvolvimento de novos marcadores moleculares presentes em regiões expressas do 
genoma e para o desenho de iniciadores (“primers”) específicos a serem usados em estudos 
sobre os fatores bióticos e abióticos que influenciam na regulação da expressão gênica de A. 
germinans e A. schaueriana em experimentos baseados em PCR quantitativa em tempo real. 
Esses estudos podem permitir esclarecer os mecanismos moleculares da tolerância a 
condições abióticas adversas como, salinidade e inundação, e ainda identificar genes 
candidatos úteis para programas de melhoramento genético de plantas de interesse 
econômico. 
Embora os custos de sequenciamento ainda sejam frequentemente impeditivos 
para pesquisadores em países tropicais em desenvolvimento, os dados gerados, aliados a 
informações provenientes de bancos de dados públicos, fornecem múltiplas possibilidades 
para se elucidar questões históricas da biodiversidade tropical, bem como para ajudar a prever 
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The following Supplementary information is available for this article: 
 
Supplementary Fig. S1. Climate characterisation of equatorial and subtropical sites. Lines 
represent the monthly means of climate variables (2008-2017). Red: equatorial site 
(Tracuateua automatic station); blue: subtropical site (Santa Marta automatic station). Source: 
Brazilian National Institute of Meteorology (INMET). (a) Average temperature; (b) average 
maximum temperature; (c) average minimum temperature; (d) average solar irradiance; (e) 
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Supplementary Fig. S2. Environmental data in the glasshouse and at the source sites of 
propagules used in the common garden experiment. Green line: glasshouse; red line: 
equatorial site (Tracuateua automatic station, source: Brazilian National Institute of 
Meteorology (INMET)); blue line: subtropical site (Santa Marta automatic station, source: 
INMET). Multiple comparisons of periodic data of each environmental variable measured 
during the experiment were performed using ANOVA and post-hoc Tukey HSD tests with a 
significance threshold of 0.05. * Represent significant differences and hyphens (-) represent 
an absence of a significant difference. (a) Average temperature; (b) average maximum 
temperature; (c) average minimum temperature; (d) average air humidity; (e) average air 
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Supplementary Fig. S3. Avicennia schaueriana from equatorial and subtropical sites grown 
in common garden. (a) Geographical distribution of the species (green shaded zone) and 
location of the equatorial (red dot) and the subtropical (blue dot) sampling sites of propagules 
used in the experiment conducted in a green house (black square); (b) propagules germinating 
in trays filled with mangrove soil; (c-d) seedlings from the equatorial and from the subtropical 
sampling sites on the 80th day of the experiment; (e-f) seedlings from the equatorial and 
subtropical sampling sites on the 225th day of the experiment; (g) seven-months-old 
Avicennia schaueriana from the equatorial sampling site presenting flower buds and flowers; 




















































(h-i) micrographs of stem transverse sections from pith to the outermost growth section of one 
representative seedling from the equatorial and subtropical sampling sites (magnification = 
10x); stem sections were stained with Astra Blue and Safranin O; V: xylem vessels; Ph: 
phloem; CCC: vascular cambium. 
 
 
Supplementary Fig. S4. Sampling of Avicennia schaueriana plant material used for RNA-
Sequencing. (a) Geographical distribution of the species (green-shaded area) and the 
equatorial (red dot) and subtropical (blue dot) sites; (b) plant organs sampled in the field for 






Supplementary Fig. S5. Characterisation of the de novo assembly of the Avicennia 
schaueriana reference transcriptome. (a) Histogram of the length of putative protein-coding 
and putative non-coding transcripts; (b) classification of all predicted open reading frames 
(ORF) in the reference transcriptome: complete, partial 3’ (missing stop codon), partial 5’ 
(missing start codon), internal (missing both start and stop codons); (c) annotation of 
transcripts via blastx using The Arabidopsis Information Resource (TAIR) protein database 
and The National Center for Biotechnology Information (NCBI) RefSeq Plant protein 
database; (d) blastx top-hit species distribution of transcripts annotations using NCBI RefSeq 
























































































































































































































Supplementary Fig. S6. (Previous page) Detection of differentially expressed transcripts 
(DET) and Gene Ontology (GO) enrichment analysis. (a-c) Two-dimensional scatterplot of 
distances among transcript expression levels in leaf, stem and flower samples (left to right) of 




distances are approximately the log2-transformed fold changes between samples; red points 
represent samples from the equatorial site and blue points represent samples from the 
subtropical site. (d-f) MA-plots of transcript expression in leaves, stems and flowers; red 
points represent DET overexpressed in equatorial samples; blue points represent DET 
overexpressed in subtropical samples; black points represent non-differentially expressed 
transcripts; grey horizontal lines represent ± 1 log fold-change threshold. (g-h) Proportion of 
DET used in the GO enrichment analysis represented in blue and red bars. Annotation of 
putative coding genes was obtained using the blastx algorithm with Arabidopsis thaliana 
proteins as a reference; grey bars represent putative non-coding transcripts that are 
differentially expressed, and black bars represent putative coding transcripts that are 
differentially expressed but not annotated. (i-l) Examples of Gene Ontology (GO) terms 
enriched among overexpressed transcripts (DET) in subtropical leaf samples; in equatorial 
leaf samples; in subtropical stem samples and in equatorial stem samples. GO terms are 
ordered from the top down based on the P- value of enrichment (low to high, all < 0.05). 
Coloured bars represent the percentage of all DET that belong to each of the listed categories. 
Black bars represent the percentage of all transcripts in the reference transcriptome belonging 
to each category. Plant material of adult trees was sampled under field conditions, during the 
end of winter in the subtropical site and in the beginning of the dry season in the equatorial 





Supplementary Fig. S7. Validation of RNA-Sequencing-based differential expression of 
transcripts by reverse transcription real time PCR (qRT-PCR). Each bar represents the relative 
expression of one sequenced sample. Error bars represent the standard deviation of the mean 
from three technical replicates of the same individual sample. Red bars represent samples 
from the equatorial sampling site and blue bars, samples from the subtropical sampling site. 
Non-parametric unpaired Mann-Whitney Wilcoxon U-tests were used to compare the 
distributions. The differential expression detected in silico was confirmed in vitro for all 
putative genes, at a significance threshold of 0.05. Putative genes selected for the validation 
of the RNA-sequencing data and primers sequences are described in Supplementary 




























































































































































































Supplementary Table S1. Characterisation of field conditions at the time of plant material 



















St1 Subtropical (Cfa) 
28.48 S; 
48.88 W 23/08 15:15 0.5 19 84 0.351 2033.89 
St2 Subtropical (Cfa) 
28.36 S; 
48.80 W 24/08 10:35 0.5 18.3 86 0.294 1804.15 
St4 Subtropical (Cfa) 
28.48 S; 
48.83 W 25/08 13:11 0.5 20.9 82 0.445 1863.14 
Eq4 Equatorial (Am) 
00.64 S; 
47.26 W 28/07 11:57 2.7 28.5 49 1.983 1940.73 
Eq5 Equatorial (Am) 
00.65 S; 
47.26 W 29/07 12:22 2.7 28.3 51 1.883 2724.54 
Eq6 Equatorial (Am) 
00.64 S; 
47.26 W 29/07 16:00 0.7 30.1 47 2.260 1433.68 
TL: tidal level; Temp: atmospheric air temperature; RH: atmospheric relative humidity; VPD: 
air vapour pressure deficit; SI: solar irradiance. 
†Köppen-Geiger Climate classification according to Alvares et al.(ALVARES et al., 2013). 
‡Source: Brazilian National Institute of Meteorology (INMET). 





Supplementary Table S2. Sampling sites for plant material used in nextRAD sequencing.  
Site ID Number of samples Cluster
† Locality (City, State) Geographic Coordinate 
PAR  9 N Bragança, Pará 0° 49' 12" S, 46° 36' 56" W 
ALC  8 N Alcântara, Maranhão 2° 24' 37" S, 44° 24' 22" W 
PRC  9 N Paracuru, Ceará 3° 24' 47" S, 39° 3' 23" W 
VER  9 S Vera Cruz, Bahia 12° 59' 1" S, 38° 41' 5" W 
GPM  9 S Guapimirim, Rio de Janeiro 22° 42' 5" S, 43° 0' 26" W 
UBA  9 S Ubatuba, São Paulo 23° 29' 22" S, 45° 9' 52" W 
CNN  8 S Cananéia, São Paulo 25° 1' 12" S, 47° 55' 5" W 
PPR  8 S Pontal do Paraná, Paraná 25° 34' 30" S, 48° 21' 9" W 
FLN  7 S Florianópolis, Santa Catarina 27° 34' 37" S, 48° 31' 8" W 
LGN  3 S Laguna, Santa Catarina 28° 29' 44'' S, 48° 53' 28 W 
†Cluster classification based on the structure of diversity in single nucleotide polymorphisms 
(SNP) in DNA sequences. N: North from the Northeast Extremity of South America; S: South 





Supplementary Table S3. Morphological traits analysed in Avicennia schaueriana saplings 
from Equatorial and Subtropical sites, grown under the same environmental conditions during 
seven months in a glasshouse. 
Variable 
  Equatorial   Subtropical   
  
P-value†   mean   sd   mean   sd   
Leaves dry weight (g)   3.78   (1.05)   7.41   (1.73)   4.18e-07 (T) 
Stems dry weight (g)   4.16   (1.67)   5.33   (1.51)   0.05332 (T) 
Roots dry weight (g)   4.97   (1.57)   8.24   (2.36)   1.57e-04 (T) 
Leaf dry mass ratio (%) (Relative 
to total)   29.67   (2.85)   35.53   (3.00)   7.17e-06 (T) 
Stem dry mass ratio  (%) (Relative 
to total)   31.47   (3.56)   25.33   (2.66)   1.38e-05 (T) 
Root dry mass ratio (%) (Relative 
to total)   38.73   (3.47)   39.20   (3.05)   0.699 (T) 
Individual leaf area (cm²)   3.32   (2.24)   6.04   (4.24)   2.20e-16 (W) 
Total leaf area (cm²)   363.14   (119.55)   507.28   (135.23)   0.120 (T) 
Specific Leaf Area (cm²/g)   116.38   (28.25)   101.81   (18.56)   0.3044 (T) 
Leaf lamina angle (degrees)   48.85   (6.38)   69.21   (10.35)   1.02e-06 (T) 
Vessel lumen area (µm²)   180.18   (72.03)   280.37   (119.49)   < 2.20e-16 (W) 
Vessel lumen diameter (µm)   14.87   (2.89)   18.50   (3.83)   < 2.20e-16 (W) 
Vessel density in the xylem 
(number of vessels per mm²)   162.40   (17.61)   185.43   (44.28)   0.236 (T) 
Vessel lumen area in sapwood (%)   2.20   (0.55)   3.91   (1.14)   0.1055 (T) 
Vessel grouping index   2.90   (0.29)   2.36   (0.15)   0.081 (W) 









Supplementary Table S4. Transcriptome quality parameters assessed in this work. 
Reads mapping to contiguous 
sequences in the 
transcriptome† 
Mapped to a single contig 91.91% 
Mapped to more than one contig 1.16% 
Not mapped to the transcriptome 6.93% 
Plant universal single-copy 
orthologs present in the 
transcriptome‡ 
Complete orthologous sequences present in single 
copy in the transcriptome 64.12% 
Complete orthologous sequences present in more 
than one copy in the transcriptome 21.65% 
Fragmented orthologous sequences present in the 
transcriptome 6.07% 
Absent orthologous sequences in the transcriptome 8.16% 
†Analysis performed using Bowtie(LANGMEAD et al., 2009) 
‡BUSCO analysis(SIMÃO et al., 2015). 
 
Supplementary Table S5. Transcriptome size characterisation. 




contigs   
Putative non-coding 
contigs 
Number of contigs   49,490   30,227   19,263 
Total size (bp)   49,860,064   40,048,718   9,811,346 
Shortest contig (bp)   282   298   282 
Longest contig (bp)   11,672   11,672   3,760 
Number of contigs < 1Kb   31,787   13,406   18,373 
Number of contigs ≥ 1Kb   17,703   16,822   881 
Average contig size (bp)   1,007   1,324   509 
Median contig size (bp)   702   1,116   427 
Contig N50 (bp)   1,428   1,708   515 
Average ORF size (Aac)   NA   332   NA 
Median ORF size (Aac)   NA   253   NA 
Longest ORF (Aac)   NA   3,755   NA 









Supplementary Table S6. Putative orthologous expressed sequences between Avicennia 
schaueriana transcripts obtained from flowers, stems and leaves and publicly available 
transcriptomes from other Avicennia species. 
  Avicennia marina   Avicennia officinalis   Avicennia officinalis 




GBIO01000000  GFLY01000000  GSE73807 
Number of transcripts 89,833  38,756  121,929 
Total number of putative 
orthologs 27,658  18,325  13,273 
Number of putative 
protein coding orthologs 21,313  17,663  9,993 
Reference 
Huang et al. 
(2014)(HUANG et 
al., 2014)  
Lyu et al. 
(2017)(LYU et al., 
2017)  
Krishnamurthy et al. 
(2017)(KRISHNAMURTHY 






Table S7. Enriched Gene Ontology (GO) terms among differentially expressed transcripts 
(DET) that presented higher expression in Subtropical stem samples than in Equatorial stem 
samples. 




GO Term Ontology† 
GO:0006952 4.27E-06 16 628 defense response BP 
GO:0043693 2.68E-05 3 11 monoterpene biosynthetic process BP 
GO:0044550 4.27E-05 6 93 secondary metabolite biosynthetic process BP 
GO:0015800 4.43E-05 2 2 acidic amino acid transport BP 
GO:0015804 5.05E-04 2 6 neutral amino acid transport BP 
GO:0071457 6.09E-04 2 7 cellular response to ozone BP 
GO:0007129 6.40E-04 2 6 synapsis BP 
GO:0033386 6.77E-04 2 7 geranylgeranyl diphosphate biosynthetic process BP 
GO:0055114 8.56E-04 22 1621 oxidation-reduction process BP 
GO:0006629 9.33E-04 6 168 lipid metabolic process BP 
GO:0033384 1.35E-03 2 9 geranyl diphosphate biosynthetic process BP 
GO:0045337 1.35E-03 2 9 farnesyl diphosphate biosynthetic process BP 
GO:0048438 1.54E-03 2 11 floral whorl development BP 
GO:0008299 1.71E-03 3 36 isoprenoid biosynthetic process BP 
GO:0051026 1.82E-03 2 13 chiasma assembly BP 
GO:0071484 1.85E-03 2 12 cellular response to light intensity BP 
GO:0071329 2.86E-03 2 12 cellular response to sucrose stimulus BP 
GO:0045088 2.87E-03 2 14 regulation of innate immune response BP 
GO:0035195 2.89E-03 2 13 gene silencing by miRNA BP 
GO:0015991 2.91E-03 3 42 ATP hydrolysis coupled proton transport BP 
GO:0016114 3.39E-03 2 15 terpenoid biosynthetic process BP 
GO:0008202 4.15E-03 2 12 steroid metabolic process BP 
GO:0003333 4.23E-03 3 45 amino acid transmembrane transport BP 
GO:0071493 4.30E-03 2 17 cellular response to UV-B BP 
GO:0009963 5.18E-03 2 18 positive regulation of flavonoid biosynthetic process BP 
GO:0009636 5.60E-03 3 54 response to toxic substance BP 
GO:0046688 7.32E-03 2 24 response to copper ion BP 
GO:0010039 7.50E-03 2 21 response to iron ion BP 
GO:0006637 8.29E-03 1 1 acyl-CoA metabolic process BP 
GO:0009407 8.42E-03 2 22 toxin catabolic process BP 






GO:0019430 9.73E-03 2 27 removal of superoxide radicals BP 





Table S7. Cont. 




GO Term Ontology† 
GO:0016099 1.19E-02 1 3 monoterpenoid biosynthetic process BP 
GO:0010076 1.34E-02 2 28 maintenance of floral meristem identity BP 
GO:0019307 1.40E-02 1 2 mannose biosynthetic process BP 
GO:0045047 1.40E-02 1 2 protein targeting to ER BP 
GO:0009861 1.42E-02 2 28 jasmonic acid and ethylene-dependent systemic resistance BP 
GO:0009116 1.50E-02 2 28 nucleoside metabolic process BP 
GO:0015992 1.60E-02 2 28 proton transport BP 
GO:0010582 1.62E-02 2 29 floral meristem determinacy BP 
GO:0019079 1.63E-02 1 2 viral genome replication BP 
GO:0006360 1.65E-02 1 2 transcription from RNA polymerase I promoter BP 
GO:0000706 1.86E-02 1 4 meiotic DNA double-strand break processing BP 
GO:0000737 1.86E-02 1 4 DNA catabolic process, endonucleolytic BP 
GO:0009062 1.90E-02 1 4 fatty acid catabolic process BP 
GO:0032194 2.01E-02 1 3 ubiquinone biosynthetic process via 3,4-dihydroxy-5-polyprenylbenzoate BP 
GO:0010431 2.02E-02 2 32 seed maturation BP 
GO:0071280 2.05E-02 1 3 cellular response to copper ion BP 
GO:0016117 2.16E-02 2 30 carotenoid biosynthetic process BP 
GO:0009240 2.27E-02 1 3 isopentenyl diphosphate biosynthetic process BP 
GO:0030835 2.35E-02 1 3 negative regulation of actin filament depolymerization BP 
GO:0009715 2.40E-02 1 3 chalcone biosynthetic process BP 
GO:0042631 2.47E-02 2 36 cellular response to water deprivation BP 
GO:0010424 2.47E-02 1 3 DNA methylation on cytosine within a CG sequence BP 
GO:0010220 2.68E-02 1 5 positive regulation of vernalization response BP 
GO:0034090 2.70E-02 1 5 maintenance of meiotic sister chromatid cohesion BP 
GO:0009411 2.85E-02 2 37 response to UV BP 
GO:0009294 2.93E-02 2 38 DNA mediated transformation BP 
GO:0042138 3.06E-02 1 6 meiotic DNA double-strand break formation BP 
GO:0006597 3.22E-02 1 4 spermine biosynthetic process BP 
GO:0006557 3.24E-02 1 4 S-adenosylmethioninamine biosynthetic process BP 
GO:0052865 3.44E-02 1 6 1-deoxy-D-xylulose 5-phosphate biosynthetic process BP 
GO:0042371 3.53E-02 1 5 vitamin K biosynthetic process BP 








Table S7. Cont. 
Category P-value DET in category 
Transcripts 
in category in 
Reference 
GO Term Ontology† 
GO:0010069 3.67E-02 1 6 zygote asymmetric cytokinesis in embryo sac BP 
GO:0009696 3.73E-02 1 6 salicylic acid metabolic process BP 
GO:0050992 3.88E-02 1 5 dimethylallyl diphosphate biosynthetic process BP 
GO:0006081 3.92E-02 1 5 cellular aldehyde metabolic process BP 
GO:0009629 4.01E-02 1 5 response to gravity BP 
GO:0009234 4.03E-02 1 6 menaquinone biosynthetic process BP 
GO:0031204 4.03E-02 1 5 posttranslational protein targeting to membrane, translocation BP 
GO:0015812 4.22E-02 1 6 gamma-aminobutyric acid transport BP 
GO:0009298 4.23E-02 1 6 GDP-mannose biosynthetic process BP 
GO:0009809 4.28E-02 3 120 lignin biosynthetic process BP 
GO:0002238 4.35E-02 1 7 response to molecule of fungal origin BP 
GO:0006013 4.64E-02 1 6 mannose metabolic process BP 
GO:0046034 4.75E-02 1 6 ATP metabolic process BP 
GO:0019762 4.76E-02 1 9 glucosinolate catabolic process BP 
GO:0009813 4.76E-02 2 51 flavonoid biosynthetic process BP 
GO:0009513 9.87E-04 2 8 etioplast CC 
GO:0005783 9.16E-03 13 891 endoplasmic reticulum CC 
GO:0016020 1.63E-02 15 1228 membrane CC 
GO:0033178 2.10E-02 1 3 proton-transporting two-sector ATPase complex, catalytic domain CC 
GO:0009507 3.41E-02 13 1066 chloroplast CC 
GO:0035101 4.56E-02 1 7 FACT complex CC 
GO:0004866 1.11E-08 5 13 endopeptidase inhibitor activity MF 
GO:0043531 1.55E-06 8 130 ADP binding MF 
GO:0034768 1.16E-05 3 9 (E)-beta-ocimene synthase activity MF 
GO:0038023 4.03E-05 2 3 signaling receptor activity MF 
GO:0003968 7.17E-05 3 15 RNA-directed 5'-3' RNA polymerase activity MF 
GO:0004022 7.52E-05 4 37 alcohol dehydrogenase (NAD) activity MF 
GO:0050551 2.40E-04 2 6 myrcene synthase activity MF 
GO:0047787 3.83E-04 2 4 delta4-3-oxosteroid 5beta-reductase activity MF 
GO:0019825 5.40E-04 7 204 oxygen binding MF 
GO:0016709 5.49E-04 5 97 
oxidoreductase activity, acting on paired 
donors, with incorporation or reduction of 
molecular oxygen, NAD(P)H as one 
donor, and incorporation of one atom of 
oxygen 
MF 
GO:0003886 6.42E-04 2 6 DNA (cytosine-5-)-methyltransferase activity MF 
GO:0004337 1.35E-03 2 9 geranyltranstransferase activity MF 
GO:0035671 1.54E-03 2 8 enone reductase activity MF 
GO:0004161 2.24E-03 2 11 dimethylallyltranstransferase activity MF 
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GO:0004311 2.64E-03 2 12 farnesyltranstransferase activity MF 
GO:0047172 3.09E-03 2 15 shikimate O-hydroxycinnamoyltransferase activity MF 
GO:0047205 3.09E-03 2 15 quinate O-hydroxycinnamoyltransferase activity MF 
GO:0004784 5.29E-03 2 22 superoxide dismutase activity MF 
GO:0008809 6.12E-03 1 1 carnitine racemase activity MF 
GO:0004743 6.31E-03 2 16 pyruvate kinase activity MF 
GO:0030955 6.31E-03 2 16 potassium ion binding MF 
GO:0015297 7.30E-03 4 113 antiporter activity MF 
GO:0010334 9.81E-03 1 2 sesquiterpene synthase activity MF 
GO:0034002 9.81E-03 1 2 (R)-limonene synthase activity MF 
GO:0050550 9.81E-03 1 2 pinene synthase activity MF 
GO:0050552 9.81E-03 1 2 (4S)-limonene synthase activity MF 
GO:0080015 9.81E-03 1 2 sabinene synthase activity MF 
GO:0004615 1.40E-02 1 2 phosphomannomutase activity MF 
GO:0005506 1.48E-02 6 290 iron ion binding MF 
GO:0080031 1.49E-02 1 2 methyl salicylate esterase activity MF 
GO:0000287 1.61E-02 4 145 magnesium ion binding MF 
GO:0004371 1.67E-02 1 3 glycerone kinase activity MF 
GO:0050518 1.73E-02 1 3 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase activity MF 
GO:0004364 1.82E-02 2 32 glutathione transferase activity MF 
GO:0016889 1.86E-02 1 4 endodeoxyribonuclease activity, producing 3'-phosphomonoesters MF 
GO:0046910 1.96E-02 2 37 pectinesterase inhibitor activity MF 
GO:0015180 1.99E-02 1 3 L-alanine transmembrane transporter activity MF 
GO:0046428 2.01E-02 1 3 1,4-dihydroxy-2-naphthoate octaprenyltransferase activity MF 
GO:0010290 2.26E-02 1 4 chlorophyll catabolite transmembrane transporter activity MF 
GO:0015431 2.26E-02 1 4 glutathione S-conjugate-exporting ATPase activity MF 
GO:0004452 2.27E-02 1 3 isopentenyl-diphosphate delta-isomerase activity MF 
GO:0020037 2.34E-02 6 334 heme binding MF 
GO:0016210 2.40E-02 1 3 naringenin-chalcone synthase activity MF 
GO:0042389 2.45E-02 1 3 omega-3 fatty acid desaturase activity MF 
GO:0052578 2.51E-02 1 4 alpha-farnesene synthase activity MF 
GO:0098599 2.69E-02 1 4 palmitoyl hydrolase activity MF 
GO:0004351 2.77E-02 1 4 glutamate decarboxylase activity MF 
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GO:0016820 2.88E-02 1 4 
hydrolase activity, acting on acid 
anhydrides, catalyzing 
transmembrane movement of 
substances 
MF 
GO:0080032 2.90E-02 1 4 methyl jasmonate esterase activity MF 
GO:0050242 2.94E-02 1 4 pyruvate, phosphate dikinase activity MF 
GO:0016229 3.07E-02 1 7 steroid dehydrogenase activity MF 
GO:0070401 3.07E-02 1 7 NADP+ binding MF 
GO:0102339 3.12E-02 1 5 3-oxo-arachidoyl-CoA reductase activity MF 
GO:0102340 3.12E-02 1 5 3-oxo-behenoyl-CoA reductase activity MF 
GO:0102341 3.12E-02 1 5 3-oxo-lignoceroyl-CoA reductase activity MF 
GO:0102342 3.12E-02 1 5 3-oxo-cerotoyl-CoA reductase activity MF 
GO:0008422 3.21E-02 2 46 beta-glucosidase activity MF 
GO:0004014 3.24E-02 1 4 adenosylmethionine decarboxylase activity MF 
GO:0008474 3.41E-02 1 5 palmitoyl-(protein) hydrolase activity MF 
GO:0015238 3.63E-02 2 48 drug transmembrane transporter activity MF 
GO:0018454 3.65E-02 1 6 acetoacetyl-CoA reductase activity MF 
GO:0045703 3.65E-02 1 6 ketoreductase activity MF 
GO:0015171 3.72E-02 3 112 amino acid transmembrane transporter activity MF 
GO:0016711 3.80E-02 1 5 flavonoid 3'-monooxygenase activity MF 
GO:0004806 3.86E-02 2 47 triglyceride lipase activity MF 
GO:0004030 3.92E-02 1 5 aldehyde dehydrogenase [NAD(P)+] activity MF 
GO:0050662 4.10E-02 2 47 coenzyme binding MF 
GO:0015185 4.22E-02 1 6 gamma-aminobutyric acid transmembrane transporter activity MF 
GO:0046029 4.24E-02 1 8 mannitol dehydrogenase activity MF 
GO:0047681 4.24E-02 1 8 aryl-alcohol dehydrogenase (NADP+) activity MF 
GO:0008661 4.24E-02 1 7 1-deoxy-D-xylulose-5-phosphate synthase activity MF 
GO:0003993 4.25E-02 2 47 acid phosphatase activity MF 
GO:0005524 4.45E-02 29 3170 ATP binding MF 
GO:0003796 4.50E-02 1 8 lysozyme activity MF 
GO:0015293 4.66E-02 3 127 symporter activity MF 
GO:0031957 4.69E-02 1 6 very long-chain fatty acid-CoA ligase activity MF 






Table S8. Enriched Gene Ontology (GO) terms among differentially expressed transcripts 
(DET) that presented higher expression in Equatorial stem samples than in Subtropical stem 
samples. 




GO Term Ontology† 
GO:0035434 1.09E-05 3 10 copper ion transmembrane transport BP 
GO:0006825 2.44E-04 3 29 copper ion transport BP 
GO:0016114 1.75E-03 2 15 terpenoid biosynthetic process BP 
GO:0010405 2.06E-03 2 14 arabinogalactan protein metabolic process BP 
GO:0018258 2.06E-03 2 14 protein O-linked glycosylation via hydroxyproline BP 
GO:0043562 2.89E-03 2 18 cellular response to nitrogen levels BP 
GO:0055114 3.46E-03 16 1621 oxidation-reduction process BP 
GO:0045333 3.68E-03 2 21 cellular respiration BP 
GO:0048354 4.69E-03 2 21 mucilage biosynthetic process involved in seed coat development BP 
GO:0009751 4.94E-03 5 223 response to salicylic acid BP 
GO:0009685 5.39E-03 1 1 gibberellin metabolic process BP 
GO:0006541 5.80E-03 2 22 glutamine metabolic process BP 
GO:0009611 7.07E-03 6 351 response to wounding BP 
GO:0005993 8.45E-03 1 2 trehalose catabolic process BP 
GO:0016441 8.71E-03 2 29 posttranscriptional gene silencing BP 
GO:1900056 8.78E-03 2 30 negative regulation of leaf senescence BP 
GO:0010597 9.96E-03 1 3 green leaf volatile biosynthetic process BP 
GO:0008614 1.21E-02 1 3 pyridoxine metabolic process BP 
GO:0000271 1.31E-02 2 36 polysaccharide biosynthetic process BP 
GO:0015680 1.37E-02 1 3 intracellular copper ion transport BP 
GO:0009411 1.50E-02 2 37 response to UV BP 
GO:0009723 1.64E-02 4 189 response to ethylene BP 
GO:0000719 1.68E-02 1 3 photoreactive repair BP 
GO:0010422 2.15E-02 1 4 regulation of brassinosteroid biosynthetic process BP 
GO:0009620 2.19E-02 3 120 response to fungus BP 
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GO:1901347 2.31E-02 1 5 negative regulation of secondary cell wall biogenesis BP 
GO:0009753 2.33E-02 4 220 response to jasmonic acid BP 
GO:0009813 2.61E-02 2 51 flavonoid biosynthetic process BP 
GO:0051553 2.63E-02 1 6 flavone biosynthetic process BP 
GO:0002229 2.74E-02 2 57 defense response to oomycetes BP 
GO:0080027 2.83E-02 1 7 response to herbivore BP 
GO:0042823 2.83E-02 1 6 pyridoxal phosphate biosynthetic process BP 
GO:0006811 2.86E-02 2 51 ion transport BP 
GO:0071836 2.92E-02 1 7 nectar secretion BP 
GO:0005987 2.99E-02 1 7 sucrose catabolic process BP 
GO:0045723 3.05E-02 1 8 positive regulation of fatty acid biosynthetic process BP 
GO:0009853 3.07E-02 2 57 photorespiration BP 
GO:0009617 3.20E-02 3 146 response to bacterium BP 
GO:0051214 3.35E-02 1 6 RNA virus induced gene silencing BP 
GO:1901348 3.36E-02 1 8 positive regulation of secondary cell wall biogenesis BP 
GO:0006624 3.40E-02 1 7 vacuolar protein processing BP 
GO:0050691 3.46E-02 1 7 regulation of defense response to virus by host BP 
GO:0051707 3.52E-02 2 66 response to other organism BP 
GO:2000904 3.55E-02 1 7 regulation of starch metabolic process BP 
GO:0002239 3.73E-02 1 8 response to oomycetes BP 
GO:0045116 4.00E-02 1 8 protein neddylation BP 
GO:0009821 4.02E-02 1 8 alkaloid biosynthetic process BP 
GO:0046345 4.16E-02 1 9 abscisic acid catabolic process BP 
GO:0006101 4.18E-02 1 9 citrate metabolic process BP 
GO:0010599 4.28E-02 1 9 production of lsiRNA involved in RNA interference BP 
GO:0006950 4.34E-02 2 71 response to stress BP 
GO:0043693 4.36E-02 1 11 monoterpene biosynthetic process BP 
GO:0008615 4.36E-02 1 9 pyridoxine biosynthetic process BP 
GO:0010601 4.65E-02 1 9 positive regulation of auxin biosynthetic process BP 
GO:0042773 4.79E-02 1 11 ATP synthesis coupled electron transport BP 
GO:0005575 2.27E-04 8 348 cellular_component CC 
GO:0070469 6.54E-03 2 31 respiratory chain CC 
GO:1903600 1.21E-02 1 3 glutaminase complex CC 
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GO:0005763 3.85E-02 1 8 mitochondrial small ribosomal subunit CC 
GO:0005747 3.92E-02 2 72 mitochondrial respiratory chain complex I CC 
GO:0016021 4.74E-02 33 5272 integral component of membrane CC 
GO:0005375 2.16E-06 4 19 copper ion transmembrane transporter activity MF 
GO:0034768 5.12E-04 2 9 (E)-beta-ocimene synthase activity MF 
GO:0008453 1.20E-03 2 12 alanine-glyoxylate transaminase activity MF 
GO:0003968 1.60E-03 2 15 RNA-directed 5'-3' RNA polymerase activity MF 
GO:1990714 2.06E-03 2 14 hydroxyproline O-galactosyltransferase activity MF 
GO:0003954 3.22E-03 2 20 NADH dehydrogenase activity MF 
GO:0004575 4.56E-03 2 21 sucrose alpha-glucosidase activity MF 
GO:0052635 5.39E-03 1 1 C-20 gibberellin 2-beta-dioxygenase activity MF 
GO:0030246 5.75E-03 5 248 carbohydrate binding MF 
GO:0010334 7.31E-03 1 2 sesquiterpene synthase activity MF 
GO:0034002 7.31E-03 1 2 (R)-limonene synthase activity MF 
GO:0050550 7.31E-03 1 2 pinene synthase activity MF 
GO:0050552 7.31E-03 1 2 (4S)-limonene synthase activity MF 
GO:0080015 7.31E-03 1 2 sabinene synthase activity MF 
GO:0008137 8.39E-03 2 33 NADH dehydrogenase (ubiquinone) activity MF 
GO:0004555 8.45E-03 1 2 alpha,alpha-trehalase activity MF 
GO:0008378 1.01E-02 2 29 galactosyltransferase activity MF 
GO:0070009 1.03E-02 1 2 serine-type aminopeptidase activity MF 
GO:0047134 1.08E-02 2 36 protein-disulfide reductase activity MF 
GO:0015927 1.08E-02 1 3 trehalase activity MF 
GO:0016881 1.14E-02 1 2 acid-amino acid ligase activity MF 
GO:0004642 1.14E-02 1 2 phosphoribosylformylglycinamidine synthase activity MF 
GO:0004359 1.21E-02 1 3 glutaminase activity MF 
GO:2001147 1.46E-02 1 3 camalexin binding MF 
GO:2001227 1.46E-02 1 3 quercitrin binding MF 
GO:0010333 1.48E-02 1 4 terpene synthase activity MF 
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GO:0015089 1.65E-02 1 4 high-affinity copper ion transmembrane transporter activity MF 
GO:0004791 1.69E-02 2 45 thioredoxin-disulfide reductase activity MF 
GO:0050551 1.79E-02 1 6 myrcene synthase activity MF 
GO:0052578 1.80E-02 1 4 alpha-farnesene synthase activity MF 
GO:0043531 1.98E-02 3 130 ADP binding MF 
GO:0019781 2.16E-02 1 4 NEDD8 activating enzyme activity MF 
GO:0036381 2.28E-02 1 5 pyridoxal 5'-phosphate synthase (glutamine hydrolysing) activity MF 
GO:0033926 2.44E-02 1 5 glycopeptide alpha-N-acetylgalactosaminidase activity MF 
GO:0010279 2.48E-02 1 6 indole-3-acetic acid amido synthetase activity MF 
GO:0016758 2.54E-02 3 129 transferase activity, transferring hexosyl groups MF 
GO:0033759 2.63E-02 1 6 flavone synthase activity MF 
GO:0016165 2.67E-02 1 5 linoleate 13S-lipoxygenase activity MF 
GO:0052634 2.94E-02 1 6 C-19 gibberellin 2-beta-dioxygenase activity MF 
GO:0044212 3.21E-02 5 355 transcription regulatory region DNA binding MF 
GO:0016491 3.48E-02 5 373 oxidoreductase activity MF 
GO:0010294 3.73E-02 1 7 abscisic acid glucosyltransferase activity MF 
GO:0016844 3.86E-02 1 8 strictosidine synthase activity MF 
GO:0016706 3.86E-02 2 65 
oxidoreductase activity, acting on 
paired donors, with incorporation or 
reduction of molecular oxygen, 2-
oxoglutarate as one donor, and 
incorporation of one atom each of 
oxygen into both donors 
MF 
GO:0030295 3.87E-02 1 7 protein kinase activator activity MF 
GO:0003994 4.18E-02 1 9 aconitate hydratase activity MF 
GO:0015210 4.33E-02 1 9 uracil transmembrane transporter activity MF 
GO:0018685 4.55E-02 1 9 alkane 1-monooxygenase activity MF 
GO:0031490 4.88E-02 1 10 chromatin DNA binding MF 
GO:0050897 4.94E-02 2 77 cobalt ion binding MF 







Table S9. Enriched Gene Ontology (GO) terms among differentially expressed transcripts 
(DET) that presented higher expression in Subtropical leaf samples than in Equatorial leaf 
samples. 
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GO:0071484 1.65E-10 6 12 cellular response to light intensity BP 
GO:0019430 7.63E-08 6 27 removal of superoxide radicals BP 
GO:0071457 1.25E-07 4 7 cellular response to ozone BP 
GO:0071329 1.54E-07 5 12 cellular response to sucrose stimulus BP 
GO:0046688 1.23E-06 5 24 response to copper ion BP 
GO:0035195 7.16E-06 4 13 gene silencing by miRNA BP 
GO:0071493 1.19E-05 4 17 cellular response to UV-B BP 
GO:0055114 2.00E-05 36 1621 oxidation-reduction process BP 
GO:0009767 4.27E-05 4 20 photosynthetic electron transport chain BP 
GO:0010039 4.79E-05 4 21 response to iron ion BP 
GO:0010193 8.10E-05 6 64 response to ozone BP 
GO:0007165 1.79E-04 13 365 signal transduction BP 
GO:0071280 3.01E-04 2 3 cellular response to copper ion BP 
GO:0006952 5.35E-04 17 628 defense response BP 
GO:0009772 1.04E-03 3 18 photosynthetic electron transport in photosystem II BP 
GO:0032465 1.86E-03 2 6 regulation of cytokinesis BP 
GO:0080168 2.00E-03 3 24 abscisic acid transport BP 
GO:0000160 2.10E-03 4 45 phosphorelay signal transduction system BP 
GO:1904668 2.51E-03 2 7 positive regulation of ubiquitin protein ligase activity BP 
GO:0009607 2.66E-03 3 29 response to biotic stimulus BP 
GO:0006021 2.70E-03 2 7 inositol biosynthetic process BP 
GO:0046855 2.71E-03 2 8 inositol phosphate dephosphorylation BP 
GO:0080055 3.09E-03 2 8 low-affinity nitrate transport BP 
GO:0009861 3.55E-03 3 28 jasmonic acid and ethylene-dependent systemic resistance BP 
GO:0009116 3.68E-03 3 28 nucleoside metabolic process BP 
GO:0034599 3.69E-03 4 67 cellular response to oxidative stress BP 
GO:0006878 4.72E-03 2 9 cellular copper ion homeostasis BP 
GO:0006631 4.97E-03 4 60 fatty acid metabolic process BP 
GO:0010207 5.02E-03 3 29 photosystem II assembly BP 
GO:0071472 5.07E-03 4 64 cellular response to salt stress BP 
GO:0006020 6.48E-03 2 12 inositol metabolic process BP 
GO:0045088 7.29E-03 2 14 regulation of innate immune response BP 
GO:0031122 8.93E-03 2 12 cytoplasmic microtubule organization BP 
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GO:0015986 1.21E-02 3 48 ATP synthesis coupled proton transport BP 
GO:0008219 1.37E-02 4 80 cell death BP 
GO:0006855 1.48E-02 4 95 drug transmembrane transport BP 
GO:0046396 1.51E-02 1 1 D-galacturonate metabolic process BP 
GO:0048441 1.56E-02 2 18 petal development BP 
GO:0015688 1.57E-02 1 1 iron chelate transport BP 
GO:0048831 1.62E-02 2 14 regulation of shoot system development BP 
GO:0010206 1.64E-02 2 20 photosystem II repair BP 
GO:0042343 1.66E-02 2 23 indole glucosinolate metabolic process BP 
GO:0006857 1.68E-02 4 82 oligopeptide transport BP 
GO:0009773 1.79E-02 2 22 photosynthetic electron transport in photosystem I BP 
GO:0046865 1.80E-02 2 20 terpenoid transport BP 
GO:0098542 2.01E-02 2 26 defense response to other organism BP 
GO:0009636 2.04E-02 3 54 response to toxic substance BP 
GO:0019307 2.10E-02 1 2 mannose biosynthetic process BP 
GO:0045047 2.10E-02 1 2 protein targeting to ER BP 
GO:0044550 2.15E-02 4 93 secondary metabolite biosynthetic process BP 
GO:0019853 2.16E-02 2 20 L-ascorbic acid biosynthetic process BP 
GO:0016125 2.17E-02 3 53 sterol metabolic process BP 
GO:0015692 2.34E-02 2 22 lead ion transport BP 
GO:1903508 2.37E-02 1 2 positive regulation of nucleic acid-templated transcription BP 
GO:0006790 2.63E-02 2 25 sulfur compound metabolic process BP 
GO:0006979 2.66E-02 8 324 response to oxidative stress BP 
GO:0010143 2.67E-02 2 22 cutin biosynthetic process BP 
GO:0009062 2.73E-02 1 4 fatty acid catabolic process BP 
GO:0008152 2.78E-02 6 199 metabolic process BP 
GO:0048235 2.79E-02 2 23 pollen sperm cell differentiation BP 
GO:0048834 2.85E-02 1 3 specification of petal number BP 
GO:1900037 2.98E-02 1 2 regulation of cellular response to hypoxia BP 
GO:0010055 3.00E-02 1 4 atrichoblast differentiation BP 
GO:0032107 3.00E-02 1 4 regulation of response to nutrient levels BP 
GO:0043620 3.00E-02 1 4 regulation of DNA-templated transcription in response to stress BP 
GO:0006360 3.02E-02 1 2 transcription from RNA polymerase I promoter BP 
GO:0016104 3.13E-02 1 2 triterpenoid biosynthetic process BP 
GO:0032194 3.13E-02 1 3 
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GO:0010362 3.20E-02 1 2 negative regulation of anion channel activity by blue light BP 
GO:0006419 3.24E-02 1 2 alanyl-tRNA aminoacylation BP 
GO:0006412 3.27E-02 10 668 translation BP 
GO:1901181 3.33E-02 1 3 negative regulation of cellular response to caffeine BP 
GO:0007052 3.40E-02 1 3 mitotic spindle organization BP 
GO:0009910 3.51E-02 3 59 negative regulation of flower development BP 
GO:0010224 3.55E-02 4 113 response to UV-B BP 
GO:0009240 3.57E-02 1 3 isopentenyl diphosphate biosynthetic process BP 
GO:0018874 3.79E-02 1 4 benzoate metabolic process BP 
GO:0046482 3.79E-02 1 4 para-aminobenzoic acid metabolic process BP 
GO:0006306 4.00E-02 2 26 DNA methylation BP 
GO:0030835 4.10E-02 1 3 negative regulation of actin filament depolymerization BP 
GO:0010155 4.46E-02 1 3 regulation of proton transport BP 
GO:0015824 4.48E-02 1 5 proline transport BP 
GO:0015813 4.49E-02 1 3 L-glutamate transport BP 
GO:0007037 4.63E-02 1 3 vacuolar phosphate transport BP 
GO:1905011 4.63E-02 1 3 transmembrane phosphate ion transport from cytosol to vacuole BP 
GO:0010086 4.71E-02 1 3 embryonic root morphogenesis BP 
GO:0010424 4.79E-02 1 3 DNA methylation on cytosine within a CG sequence BP 
GO:0046854 4.82E-02 2 28 phosphatidylinositol phosphorylation BP 
GO:0006269 4.94E-02 1 4 DNA replication, synthesis of RNA primer BP 
GO:0035304 4.96E-02 1 4 regulation of protein dephosphorylation BP 
GO:0030095 7.64E-05 4 23 chloroplast photosystem II CC 
GO:0033597 2.89E-04 2 3 mitotic checkpoint complex CC 
GO:0032586 1.08E-03 3 19 protein storage vacuole membrane CC 
GO:0019898 1.13E-03 4 38 extrinsic component of membrane CC 
GO:0000326 1.66E-03 3 24 protein storage vacuole CC 
GO:0009654 2.18E-03 3 27 photosystem II oxygen evolving complex CC 
GO:0009543 3.38E-03 5 100 chloroplast thylakoid lumen CC 
GO:0022625 5.59E-03 7 300 cytosolic large ribosomal subunit CC 
GO:0009535 7.63E-03 12 506 chloroplast thylakoid membrane CC 
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GO:0005886 1.64E-02 29 1773 plasma membrane CC 
GO:0009344 1.76E-02 1 2 nitrite reductase complex [NAD(P)H] CC 
GO:0005840 2.54E-02 8 467 ribosome CC 
GO:0030863 2.73E-02 1 2 cortical cytoskeleton CC 
GO:0005783 2.84E-02 17 891 endoplasmic reticulum CC 
GO:0043231 3.08E-02 6 218 intracellular membrane-bounded organelle CC 
GO:0000780 3.40E-02 1 3 condensed nuclear chromosome, centromeric region CC 
GO:0031616 3.40E-02 1 3 spindle pole centrosome CC 
GO:0032133 3.40E-02 1 3 chromosome passenger complex CC 
GO:0051233 3.40E-02 1 3 spindle midzone CC 
GO:0005789 4.32E-02 10 473 endoplasmic reticulum membrane CC 
GO:0004784 1.63E-05 4 22 superoxide dismutase activity MF 
GO:0038023 7.17E-05 2 3 signaling receptor activity MF 
GO:0016532 1.60E-04 2 2 superoxide dismutase copper chaperone activity MF 
GO:0004022 4.18E-04 4 37 alcohol dehydrogenase (NAD) activity MF 
GO:0005506 5.12E-04 11 290 iron ion binding MF 
GO:0016709 8.79E-04 6 97 
oxidoreductase activity, acting on paired 
donors, with incorporation or reduction 
of molecular oxygen, NAD(P)H as one 
donor, and incorporation of one atom of 
oxygen 
MF 
GO:0004029 1.22E-03 3 22 aldehyde dehydrogenase (NAD) activity MF 
GO:0004467 1.45E-03 3 20 long-chain fatty acid-CoA ligase activity MF 
GO:0102391 1.45E-03 3 20 decanoate--CoA ligase activity MF 
GO:0046933 1.69E-03 4 51 proton-transporting ATP synthase activity, rotational mechanism MF 
GO:0008934 1.75E-03 2 6 inositol monophosphate 1-phosphatase activity MF 
GO:0052832 1.75E-03 2 6 inositol monophosphate 3-phosphatase activity MF 
GO:0052833 1.75E-03 2 6 inositol monophosphate 4-phosphatase activity MF 
GO:0003886 1.82E-03 2 6 DNA (cytosine-5-)-methyltransferase activity MF 
GO:0042626 2.23E-03 7 179 ATPase activity, coupled to transmembrane movement of substances MF 
GO:0043531 2.34E-03 6 130 ADP binding MF 
GO:0097027 2.51E-03 2 7 ubiquitin-protein transferase activator activity MF 
GO:0008568 2.54E-03 2 6 microtubule-severing ATPase activity MF 
GO:0031957 2.80E-03 2 6 very long-chain fatty acid-CoA ligase activity MF 
GO:0010997 3.05E-03 2 8 anaphase-promoting complex binding MF 
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GO:0045156 3.14E-03 2 8 
electron transporter, transferring 
electrons within the cyclic electron 
transport pathway of photosynthesis 
activity 
MF 
GO:0080043 3.21E-03 5 93 quercetin 3-O-glucosyltransferase activity MF 
GO:0080044 3.21E-03 5 93 quercetin 7-O-glucosyltransferase activity MF 
GO:0008194 3.52E-03 6 127 UDP-glycosyltransferase activity MF 
GO:0004028 4.95E-03 3 32 3-chloroallyl aldehyde dehydrogenase activity MF 
GO:0008441 5.10E-03 2 11 3'(2'),5'-bisphosphate nucleotidase activity MF 
GO:0004866 5.81E-03 2 13 endopeptidase inhibitor activity MF 
GO:0016705 6.45E-03 5 103 
oxidoreductase activity, acting on 
paired donors, with incorporation or 
reduction of molecular oxygen 
MF 
GO:0000155 7.06E-03 3 31 phosphorelay sensor kinase activity MF 
GO:0003968 7.41E-03 2 15 RNA-directed 5'-3' RNA polymerase activity MF 
GO:0008809 8.61E-03 1 1 carnitine racemase activity MF 
GO:0019825 9.98E-03 7 204 oxygen binding MF 
GO:0020037 1.06E-02 9 334 heme binding MF 
GO:0019900 1.11E-02 2 13 kinase binding MF 
GO:0005507 1.14E-02 8 302 copper ion binding MF 
GO:0019899 1.15E-02 2 14 enzyme binding MF 
GO:0035251 1.33E-02 3 41 UDP-glucosyltransferase activity MF 





GO:0004497 1.61E-02 5 129 monooxygenase activity MF 
GO:0004033 1.70E-02 2 25 aldo-keto reductase (NADP) activity MF 
GO:0004615 2.10E-02 1 2 phosphomannomutase activity MF 
GO:0005085 2.12E-02 2 19 guanyl-nucleotide exchange factor activity MF 
GO:0003735 2.20E-02 10 641 structural constituent of ribosome MF 
GO:0008782 2.29E-02 1 2 adenosylhomocysteine nucleosidase activity MF 
GO:0008930 2.29E-02 1 2 methylthioadenosine nucleosidase activity MF 
GO:0004371 2.50E-02 1 3 glycerone kinase activity MF 
GO:0008807 2.56E-02 1 2 carboxyvinyl-carboxyphosphonate phosphorylmutase activity MF 
GO:0015198 2.57E-02 2 21 oligopeptide transporter activity MF 
GO:0032440 2.85E-02 1 3 2-alkenal reductase [NAD(P)] activity MF 
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GO:0047209 2.93E-02 1 2 coniferyl-alcohol glucosyltransferase activity MF 
GO:0102097 3.02E-02 1 2 
(22S)-22-hydroxy-5alpha-
campestan-3-one C-23 hydroxylase 
activity 
MF 
GO:0008928 3.09E-02 1 2 mannose-1-phosphate guanylyltransferase (GDP) activity MF 





GO:0010472 3.09E-02 1 2 GDP-galactose:glucose-1-phosphate guanylyltransferase activity MF 





GO:0010474 3.09E-02 1 2 glucose-1-phosphate guanylyltransferase (GDP) activity MF 
GO:0016805 3.11E-02 1 2 dipeptidase activity MF 
GO:0042299 3.13E-02 1 2 lupeol synthase activity MF 
GO:0046428 3.13E-02 1 3 1,4-dihydroxy-2-naphthoate octaprenyltransferase activity MF 
GO:0004813 3.24E-02 1 2 alanine-tRNA ligase activity MF 
GO:0008559 3.33E-02 2 25 xenobiotic-transporting ATPase activity MF 
GO:0090440 3.37E-02 1 3 abscisic acid transporter activity MF 
GO:0035175 3.40E-02 1 3 histone kinase activity (H3-S10 specific) MF 
GO:0004452 3.57E-02 1 3 isopentenyl-diphosphate delta-isomerase activity MF 
GO:0047912 3.65E-02 1 3 galacturonokinase activity MF 
GO:0052639 3.79E-02 1 4 salicylic acid glucosyltransferase (ester-forming) activity MF 
GO:0052641 3.79E-02 1 4 benzoic acid glucosyltransferase activity MF 
GO:0080002 3.79E-02 1 4 UDP-glucose:4-aminobenzoate acylglucosyltransferase activity MF 
GO:0090704 3.79E-02 1 4 nicotinate-O-glucosyltransferase activity MF 
GO:0010290 3.80E-02 1 4 chlorophyll catabolite transmembrane transporter activity MF 
GO:0015431 3.80E-02 1 4 glutathione S-conjugate-exporting ATPase activity MF 
GO:0046910 4.16E-02 2 37 pectinesterase inhibitor activity MF 
GO:0080030 4.21E-02 1 4 methyl indole-3-acetate esterase activity MF 
GO:0004180 4.42E-02 1 3 carboxypeptidase activity MF 
GO:0016229 4.44E-02 1 7 steroid dehydrogenase activity MF 
GO:0070401 4.44E-02 1 7 NADP+ binding MF 
GO:0080032 4.46E-02 1 4 methyl jasmonate esterase activity MF 
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GO:0010475 4.61E-02 1 4 galactose-1-phosphate guanylyltransferase (GDP) activity MF 
GO:0080047 4.61E-02 1 4 GDP-L-galactose phosphorylase activity MF 
GO:0080048 4.61E-02 1 4 GDP-D-glucose phosphorylase activity MF 
GO:0009885 4.71E-02 1 3 transmembrane histidine kinase cytokinin receptor activity MF 
GO:0019955 4.71E-02 1 3 cytokine binding MF 
GO:0016820 4.80E-02 1 4 
hydrolase activity, acting on acid 
anhydrides, catalyzing 
transmembrane movement of 
substances 
MF 
GO:0015193 4.91E-02 1 6 L-proline transmembrane transporter activity MF 
GO:0003896 4.94E-02 1 4 DNA primase activity MF 
GO:0010242 4.96E-02 1 4 oxygen evolving activity MF 
GO:0042300 4.99E-02 1 4 beta-amyrin synthase activity MF 




Table S10. Enriched Gene Ontology (GO) terms among differentially expressed transcripts 
(DET) that presented higher expression in Equatorial leaf samples than in Subtropical leaf 
samples. 




GO Term Ontology† 
GO:0009834 2.91E-10 13 71 plant-type secondary cell wall biogenesis BP 
GO:0045333 3.66E-09 7 21 cellular respiration BP 
GO:0010597 1.23E-06 3 3 green leaf volatile biosynthetic process BP 
GO:0045492 3.20E-06 7 43 xylan biosynthetic process BP 
GO:0010417 4.99E-06 6 26 glucuronoxylan biosynthetic process BP 
GO:0052386 5.11E-06 4 8 cell wall thickening BP 
GO:0022904 2.94E-05 4 13 respiratory electron transport chain BP 
GO:0071555 4.84E-05 15 296 cell wall organization BP 
GO:0006873 9.55E-05 3 6 cellular ion homeostasis BP 
GO:0009611 1.07E-04 16 351 response to wounding BP 
GO:1900386 1.12E-04 2 2 positive regulation of flavonol biosynthetic process BP 
GO:0009873 1.24E-04 13 241 ethylene-activated signaling pathway BP 
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GO:0051214 2.16E-04 3 6 RNA virus induced gene silencing BP 
GO:0009833 2.64E-04 5 33 plant-type primary cell wall biogenesis BP 
GO:0008614 2.74E-04 2 3 pyridoxine metabolic process BP 
GO:0048354 3.02E-04 4 21 mucilage biosynthetic process involved in seed coat development BP 
GO:0009414 3.51E-04 17 407 response to water deprivation BP 
GO:0010599 4.00E-04 3 9 production of lsiRNA involved in RNA interference BP 
GO:0042773 4.23E-04 3 11 ATP synthesis coupled electron transport BP 
GO:0030244 4.32E-04 7 80 cellulose biosynthetic process BP 
GO:1900056 7.53E-04 4 30 negative regulation of leaf senescence BP 
GO:0006351 8.94E-04 51 2058 transcription, DNA-templated BP 
GO:0043335 9.56E-04 2 3 protein unfolding BP 
GO:0006821 1.06E-03 3 12 chloride transport BP 
GO:0006979 1.15E-03 13 324 response to oxidative stress BP 
GO:0034440 1.36E-03 3 14 lipid oxidation BP 
GO:0005513 1.37E-03 3 20 detection of calcium ion BP 
GO:0042819 1.42E-03 2 5 vitamin B6 biosynthetic process BP 
GO:0006353 1.99E-03 3 13 DNA-templated transcription, termination BP 
GO:0009616 2.13E-03 3 12 virus induced gene silencing BP 
GO:0010017 2.15E-03 4 29 red or far-red light signaling pathway BP 
GO:0042823 2.49E-03 2 6 pyridoxal phosphate biosynthetic process BP 
GO:0031539 2.57E-03 2 5 positive regulation of anthocyanin metabolic process BP 
GO:0051607 2.93E-03 5 55 defense response to virus BP 
GO:0043207 3.22E-03 2 5 response to external biotic stimulus BP 
GO:0030643 3.54E-03 2 6 cellular phosphate ion homeostasis BP 
GO:0010216 4.09E-03 3 18 maintenance of DNA methylation BP 
GO:0045595 4.19E-03 2 5 regulation of cell differentiation BP 
GO:0010215 4.57E-03 3 18 cellulose microfibril organization BP 
GO:0006825 4.72E-03 3 29 copper ion transport BP 
GO:0033481 4.77E-03 2 5 galacturonate biosynthetic process BP 
GO:0010099 5.23E-03 3 26 regulation of photomorphogenesis BP 
GO:0008615 6.55E-03 2 9 pyridoxine biosynthetic process BP 
GO:0009862 6.75E-03 3 21 systemic acquired resistance, salicylic acid mediated signaling pathway BP 
GO:0006486 6.97E-03 5 75 protein glycosylation BP 
GO:0006541 7.84E-03 3 22 glutamine metabolic process BP 
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GO:0010050 9.35E-03 3 22 vegetative phase change BP 
GO:0010267 1.06E-02 3 25 production of ta-siRNAs involved in RNA interference BP 
GO:0009864 1.11E-02 3 24 induced systemic resistance, jasmonic acid mediated signaling pathway BP 
GO:0071669 1.12E-02 2 11 plant-type cell wall organization or biogenesis BP 
GO:0006811 1.21E-02 4 51 ion transport BP 
GO:0045489 1.29E-02 4 55 pectin biosynthetic process BP 
GO:0010350 1.33E-02 1 1 cellular response to magnesium starvation BP 
GO:0031115 1.33E-02 1 1 negative regulation of microtubule polymerization BP 
GO:0051716 1.33E-02 1 1 cellular response to stimulus BP 
GO:0071286 1.33E-02 1 1 cellular response to magnesium ion BP 
GO:0071325 1.33E-02 1 1 cellular response to mannitol stimulus BP 
GO:0072709 1.33E-02 1 1 cellular response to sorbitol BP 
GO:0075733 1.33E-02 1 1 intracellular transport of virus BP 
GO:0045903 1.35E-02 1 1 positive regulation of translational fidelity BP 
GO:0080167 1.40E-02 8 216 response to karrikin BP 
GO:0017004 1.41E-02 2 13 cytochrome complex assembly BP 
GO:0051555 1.45E-02 2 12 flavonol biosynthetic process BP 
GO:0006950 1.63E-02 4 71 response to stress BP 
GO:0006203 1.70E-02 1 2 dGTP catabolic process BP 
GO:0016099 1.83E-02 1 3 monoterpenoid biosynthetic process BP 
GO:0035196 1.85E-02 3 31 production of miRNAs involved in gene silencing by miRNA BP 
GO:0045727 1.89E-02 2 12 positive regulation of translation BP 
GO:0006810 1.90E-02 12 417 transport BP 
GO:0042776 1.99E-02 1 1 mitochondrial ATP synthesis coupled proton transport BP 
GO:0050832 2.06E-02 9 244 defense response to fungus BP 
GO:0042542 2.08E-02 5 101 response to hydrogen peroxide BP 
GO:0010405 2.11E-02 2 14 arabinogalactan protein metabolic process BP 
GO:0018258 2.11E-02 2 14 protein O-linked glycosylation via hydroxyproline BP 
GO:0009832 2.13E-02 4 62 plant-type cell wall biogenesis BP 
GO:0051179 2.13E-02 1 1 localization BP 
GO:0090626 2.13E-02 1 1 plant epidermis morphogenesis BP 
GO:0009411 2.35E-02 3 37 response to UV BP 
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GO:0015986 2.64E-02 3 48 ATP synthesis coupled proton transport BP 
GO:0055114 2.68E-02 33 1621 oxidation-reduction process BP 
GO:0051511 2.73E-02 1 2 negative regulation of unidimensional cell growth BP 
GO:0015990 2.73E-02 1 2 electron transport coupled proton transport BP 
GO:0009740 2.73E-02 4 83 gibberellic acid mediated signaling pathway BP 
GO:0015996 2.92E-02 2 16 chlorophyll catabolic process BP 
GO:0015680 3.10E-02 1 3 intracellular copper ion transport BP 
GO:0042938 3.19E-02 2 18 dipeptide transport BP 
GO:0016051 3.20E-02 4 70 carbohydrate biosynthetic process BP 
GO:0009932 3.25E-02 2 20 cell tip growth BP 
GO:0035865 3.29E-02 1 2 cellular response to potassium ion BP 
GO:0050829 3.31E-02 2 20 defense response to Gram-negative bacterium BP 
GO:0046475 3.58E-02 1 3 glycerophospholipid catabolic process BP 
GO:0031347 3.62E-02 4 81 regulation of defense response BP 
GO:0071280 3.66E-02 1 3 cellular response to copper ion BP 
GO:0009813 3.83E-02 3 51 flavonoid biosynthetic process BP 
GO:0006355 3.86E-02 49 2377 regulation of transcription, DNA-templated BP 
GO:1902458 4.06E-02 1 3 positive regulation of stomatal opening BP 
GO:1903426 4.06E-02 1 3 regulation of reactive oxygen species biosynthetic process BP 
GO:0009787 4.37E-02 2 17 regulation of abscisic acid-activated signaling pathway BP 
GO:0080040 4.56E-02 1 4 positive regulation of cellular response to phosphate starvation BP 
GO:0031408 4.56E-02 3 45 oxylipin biosynthetic process BP 
GO:0010241 4.61E-02 1 2 ent-kaurene oxidation to kaurenoic acid BP 
GO:0019646 4.64E-02 1 2 aerobic electron transport chain BP 
GO:0009620 4.64E-02 5 120 response to fungus BP 
GO:0010400 4.72E-02 1 3 rhamnogalacturonan I side chain metabolic process BP 
GO:0019433 4.74E-02 1 2 triglyceride catabolic process BP 
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GO:0070469 4.41E-07 6 31 respiratory chain CC 
GO:0046658 6.10E-07 7 39 anchored component of plasma membrane CC 
GO:0005794 7.14E-06 31 764 Golgi apparatus CC 
GO:0005743 1.91E-05 13 212 mitochondrial inner membrane CC 
GO:0031225 3.23E-05 11 179 anchored component of membrane CC 
GO:0005751 5.43E-05 3 6 mitochondrial respiratory chain complex IV CC 
GO:0005763 1.64E-04 3 8 mitochondrial small ribosomal subunit CC 
GO:0005747 1.99E-04 6 72 mitochondrial respiratory chain complex I CC 
GO:1903600 2.74E-04 2 3 glutaminase complex CC 
GO:0016021 8.30E-04 104 5272 integral component of membrane CC 
GO:0009506 8.46E-04 6 79 plasmodesma CC 
GO:0009930 2.77E-03 2 5 longitudinal side of cell surface CC 
GO:0005576 3.46E-03 14 490 extracellular region CC 
GO:0005886 4.39E-03 40 1773 plasma membrane CC 
GO:0010330 6.91E-03 2 7 cellulose synthase complex CC 
GO:0000139 9.68E-03 15 434 Golgi membrane CC 
GO:0005753 1.12E-02 3 38 mitochondrial proton-transporting ATP synthase complex CC 
GO:0005881 1.33E-02 1 1 cytoplasmic microtubule CC 
GO:0016328 1.61E-02 2 10 lateral plasma membrane CC 
GO:0045259 1.99E-02 1 1 proton-transporting ATP synthase complex CC 
GO:0009579 2.04E-02 3 42 thylakoid CC 
GO:0009329 2.40E-02 1 2 acetate CoA-transferase complex CC 
GO:0045275 2.40E-02 1 1 respiratory chain complex III CC 
GO:0045277 2.73E-02 1 2 respiratory chain complex IV CC 
GO:0009897 4.14E-02 2 20 external side of plasma membrane CC 
GO:0000276 4.62E-02 1 4 mitochondrial proton-transporting ATP synthase complex, coupling factor F(o) CC 
GO:0003954 3.29E-06 5 20 NADH dehydrogenase activity MF 
GO:0010327 1.63E-05 2 2 acetyl CoA:(Z)-3-hexen-1-ol acetyltransferase activity MF 
GO:0102165 1.63E-05 2 2 (Z)-3-hexen-1-ol acetyltransferase activity MF 
GO:0008137 3.69E-05 5 33 NADH dehydrogenase (ubiquinone) activity MF 
GO:0016760 7.05E-05 6 41 cellulose synthase (UDP-forming) activity MF 
GO:0005375 1.80E-04 4 19 copper ion transmembrane transporter activity MF 
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GO:0015018 4.58E-04 3 9 galactosylgalactosylxylosylprotein 3-beta-glucuronosyltransferase activity MF 
GO:0050551 5.53E-04 2 6 myrcene synthase activity MF 
GO:0004129 8.41E-04 3 15 cytochrome-c oxidase activity MF 
GO:0016759 9.59E-04 5 46 cellulose synthase activity MF 
GO:0001872 9.83E-04 2 4 (1->3)-beta-D-glucan binding MF 
GO:0016747 1.19E-03 5 55 transferase activity, transferring acyl groups other than amino-acyl groups MF 
GO:0030247 1.38E-03 5 51 polysaccharide binding MF 
GO:0036381 1.42E-03 2 5 pyridoxal 5'-phosphate synthase (glutamine hydrolysing) activity MF 
GO:0042285 1.69E-03 3 13 xylosyltransferase activity MF 
GO:0005094 2.24E-03 2 5 Rho GDP-dissociation inhibitor activity MF 
GO:0008308 2.85E-03 3 17 voltage-gated anion channel activity MF 
GO:0034768 3.35E-03 2 9 (E)-beta-ocimene synthase activity MF 
GO:0033926 3.76E-03 2 5 glycopeptide alpha-N-acetylgalactosaminidase activity MF 
GO:0000977 4.01E-03 7 138 RNA polymerase II regulatory region sequence-specific DNA binding MF 
GO:0016165 4.22E-03 2 5 linoleate 13S-lipoxygenase activity MF 
GO:0004525 4.72E-03 3 20 ribonuclease III activity MF 
GO:0016758 5.06E-03 7 129 transferase activity, transferring hexosyl groups MF 
GO:0003700 5.53E-03 45 1934 transcription factor activity, sequence-specific DNA binding MF 
GO:0047274 5.61E-03 3 21 galactinol-sucrose galactosyltransferase activity MF 
GO:0008143 7.86E-03 2 9 poly(A) binding MF 
GO:0005509 9.70E-03 11 323 calcium ion binding MF 
GO:0015078 1.05E-02 2 11 hydrogen ion transmembrane transporter activity MF 
GO:0020037 1.13E-02 11 334 heme binding MF 
GO:0043565 1.16E-02 22 828 sequence-specific DNA binding MF 
GO:1990538 1.26E-02 2 11 xylan O-acetyltransferase activity MF 
GO:0005547 1.33E-02 1 1 phosphatidylinositol-3,4,5-trisphosphate binding MF 
GO:0010334 1.49E-02 1 2 sesquiterpene synthase activity MF 
GO:0034002 1.49E-02 1 2 (R)-limonene synthase activity MF 
GO:0050550 1.49E-02 1 2 pinene synthase activity MF 
GO:0050552 1.49E-02 1 2 (4S)-limonene synthase activity MF 
GO:0080015 1.49E-02 1 2 sabinene synthase activity MF 
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GO:0008378 1.60E-02 3 29 galactosyltransferase activity MF 
GO:0005506 1.68E-02 10 290 iron ion binding MF 
GO:0008413 1.70E-02 1 2 8-oxo-7,8-dihydroguanosine triphosphate pyrophosphatase activity MF 
GO:0019177 1.70E-02 1 2 dihydroneopterin triphosphate pyrophosphohydrolase activity MF 
GO:0035539 1.70E-02 1 2 8-oxo-7,8-dihydrodeoxyguanosine triphosphate pyrophosphatase activity MF 
GO:0004564 1.77E-02 2 13 beta-fructofuranosidase activity MF 
GO:0061133 1.82E-02 1 1 endopeptidase activator activity MF 
GO:0008115 1.95E-02 1 1 sarcosine oxidase activity MF 
GO:0005215 1.99E-02 12 375 transporter activity MF 
GO:0050378 2.01E-02 2 12 UDP-glucuronate 4-epimerase activity MF 
GO:1990714 2.11E-02 2 14 hydroxyproline O-galactosyltransferase activity MF 
GO:0070330 2.82E-02 1 2 aromatase activity MF 
GO:0003677 2.91E-02 44 2080 DNA binding MF 
GO:0070009 3.09E-02 1 2 serine-type aminopeptidase activity MF 
GO:0046933 3.14E-02 3 51 proton-transporting ATP synthase activity, rotational mechanism MF 
GO:0004601 3.15E-02 4 97 peroxidase activity MF 
GO:0042936 3.19E-02 2 18 dipeptide transporter activity MF 
GO:0047216 3.20E-02 1 2 inositol 3-alpha-galactosyltransferase activity MF 
GO:0016740 3.26E-02 8 233 transferase activity MF 
GO:0030775 3.34E-02 1 2 glucuronoxylan 4-O-methyltransferase activity MF 
GO:0016757 3.35E-02 17 624 transferase activity, transferring glycosyl groups MF 
GO:0005516 3.38E-02 11 370 calmodulin binding MF 
GO:0015089 3.63E-02 1 4 high-affinity copper ion transmembrane transporter activity MF 
GO:0043531 3.76E-02 5 130 ADP binding MF 
GO:0047268 3.78E-02 1 2 galactinol-raffinose galactosyltransferase activity MF 
GO:0003839 4.16E-02 1 3 gamma-glutamylcyclotransferase activity MF 
GO:0010285 4.32E-02 1 2 L,L-diaminopimelate aminotransferase activity MF 
GO:0047262 4.50E-02 3 49 polygalacturonate 4-alpha-galacturonosyltransferase activity MF 
GO:0016881 4.51E-02 1 2 acid-amino acid ligase activity MF 
GO:0052615 4.61E-02 1 2 ent-kaurene oxidase activity MF 
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GO:0052616 4.61E-02 1 2 ent-kaur-16-en-19-ol oxidase activity MF 
GO:0052617 4.61E-02 1 2 ent-kaur-16-en-19-al oxidase activity MF 
GO:0004642 4.74E-02 1 2 phosphoribosylformylglycinamidine synthase activity MF 
GO:0031418 4.95E-02 2 26 L-ascorbic acid binding MF 





Table S11. Differentially expressed transcripts of Avicennia schaueriana involved in the 
response to contrasting climate conditions between Equatorial and Subtropical sites. 
  Contig ID   Log Fold Change   Tissue   FDR   Similar to
†   Annotation‡ 
Photosynthesis                   
  As_26953   1.14   leaf   0.02   AT2G01918   PQL3 | PsbQ-like 3  
  As_24908   1.27   leaf   0.01   AT1G14150   PQL2 | PsbQ-like 2  
  As_16502   1.4   leaf   0.01   AT5G66570   PSBO1 | PS II oxygen-evolving complex 1  
  As_27536   1.43   leaf   0.04   AT4G09650   ATPD | ATP synthase delta-subunit gene  
  As_13960   1.51   leaf   0.01   AT5G58140   PHOT2, NPL1 | phototropin 2  
  As_26420   1.59   leaf   0   AT1G08380   PSAO | photosystem I subunit O  
  As_25935   2.31   stem   0.01   AT1G60600   
ABC4 | UbiA 
prenyltransferase family 
protein  
  As_25935   2.45   leaf   0   AT1G60600   
ABC4 | UbiA 
prenyltransferase family 
protein  
  As_15863   2.5   leaf   0   AT1G03600   PSB27 | photosystem II family protein  
Chlorophyll biosynthesis                 
  As_24340   1.51   stem   0.01   AT4G36810   GGPS1 | geranylgeranyl pyrophosphate synthase 1  





  As_17120   2.72   stem   0.02   AT4G36810   GGPS1 | geranylgeranyl pyrophosphate synthase 1  
  As_21256   2.82   leaf   0.04   AT5G16440   IPP1 | isopentenyl diphosphate isomerase 1  
  As_19328   4.54   stem   0   AT5G16440   IPP1 | isopentenyl diphosphate isomerase 1  
  As_26117   9.89   stem   0   AT4G15560   CLA1 | Deoxyxylulose-5-phosphate synthase  
Chlorophyll catabolism                 
  As_24449   -1.94   leaf   0   AT4G22920   NYE1 | non-yellowing 1 
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Protection against oxidative stress             
  As_3457   -4.17   leaf   0   AT5G07990   TT7 | Cytochrome P450 superfamily protein  
  As_15772   -1.71   stem   0   AT5G51100   FSD2 | Fe superoxide dismutase 2  
  As_46493   -1.69   leaf   0   AT5G11260   
HY5 | Basic-leucine zipper 
(bZIP) transcription factor 
family protein  
  As_15772   -1.45   leaf   0   AT5G51100   FSD2 | Fe superoxide dismutase 2  
  As_14939   -1.3   stem   0.03   AT3G04880   DRT102 | DNA-damage-repair/toleration protein 
  As_17209   1.3   leaf   0.01   AT1G08830   CSD1 | copper/zinc superoxide dismutase 1  
  As_26546   1.82   leaf   0.02   AT1G08830   CSD1 | copper/zinc superoxide dismutase 1  
  As_26546   1.82   stem   0   AT1G08830   CSD1 | copper/zinc superoxide dismutase 1  
  As_38172   2.27   stem   0   AT2G28190   CSD2 | copper/zinc superoxide dismutase 2  
  As_15863   2.5   leaf   0   AT1G03600   PSB27 | photosystem II family protein  
  As_38172   4.64   leaf   0   AT2G28190   CSD2 | copper/zinc superoxide dismutase 2  
Vitamin C biosynthesis                 
  As_18774   1.58   leaf   0   AT2G45790   PMM | phosphomannomutase  
  As_15617   2.11   leaf   0   AT4G26850   VTC2 | GDP-L-galactose phosphorylase 1 
Vitamin B6 biosynthesis                 
  As_48360   -2   leaf   0   AT5G60540   PDX2 | pyridoxine biosynthesis 2  
  As_48360   -1.78   stem   0.01   AT5G60540   PDX2 | pyridoxine biosynthesis 2  
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Anthocyanin biosynthesis                 




  As_33140   -2.73   leaf   0.02   AT2G47460   MYB12 | myb domain protein 12  
  As_41194   -2.52   leaf   0.03   AT5G49330   MYB111 | myb domain protein 111  
  As_46493   -1.69   leaf   0   AT5G11260   
HY5 | Basic-leucine 
zipper (bZIP) 
transcription factor 
family protein  
  As_36206   -1.67   leaf   0   AT5G11260   
HY5 | Basic-leucine 
zipper (bZIP) 
transcription factor 
family protein  
  As_20077   -1.32   leaf   0.01   AT4G00730   
ANL2 | Homeobox-
leucine zipper protein 
ANTHOCYANINLES
S 2 
Protection against UV                 
  As_9876   2.74   leaf   0   AT4G36220  
FAH1 | ferulic acid 5-
hydroxylase 1 
Response to cold                   
  As_26169   8.8   leaf   0   AT3G47520   MDH | malate dehydrogenase  
  As_10296   3.77   stem   0.02   AT4G24540   AGL24 | AGAMOUS-like 24  
  As_3802   3.12   leaf   0   AT2G37770   
NAD(P)-linked 
oxidoreductase 
superfamily protein  
  As_3802   2.18   stem   0.03   AT2G37770   
NAD(P)-linked 
oxidoreductase 
superfamily protein  
  As_27536   1.43   leaf   0.04   AT4G09650   ATPD | ATP synthase delta-subunit gene  
  As_25244   1.3   stem   0.03   AT1G10930   ATSGS1 | DNA helicase (RECQl4A)  
  As_26953   1.14   leaf   0.02   AT2G01918   PQL3 | PsbQ-like 3  











Table  S11. Cont. 




  Tissue   FDR   Similar to†   Annotation‡ 
Reponse to heat                   
  As_43445   -7.45   stem   0.01   AT3G12580   HSP70 | heat shock protein 70  
  As_23412   -3.57   leaf   0.01   AT1G74310   HSP101 | heat shock protein 101  
  As_23151   -3.26   leaf   0.01   AT1G74310   HSP101 | heat shock protein 101  
  As_38607   -2.31   stem   0.02   AT3G16770   
RAP2.3 | ethylene-
responsive element binding 
protein  
  As_11099   -1.71   leaf   0.01   AT5G12020   HSP17.6II | 17.6 kDa class II heat shock protein  
  As_12732   -1.66   stem   0.04   AT3G46230   HSP17.4 | heat shock protein 17.4  
  As_24319   -1.49   leaf   0.04   AT5G12020   HSP17.6II | 17.6 kDa class II heat shock protein  
  As_20859   -1.25   stem   0.03   AT3G53990   
Adenine nucleotide alpha 
hydrolases-like superfamily 
protein  
Response to Water 
deficit                 
  As_19228   -2.67   leaf   0   AT3G14440   
NCED3 | nine-cis-
epoxycarotenoid 
dioxygenase 3  
  As_17082   -2.02   leaf   0.03   AT2G46680   HB-7 | homeobox 7  
  As_12052   -1.62   leaf   0   AT4G27410   
RD26, NAC072 | NAC (No 
Apical Meristem) domain-
containing protein 72 




Osmoregulation                   
  As_13564   -3.86   leaf   0   AT2G47180   GolS1 | galactinol synthase 1  
  As_11264   -3.47   leaf   0   AT4G01970   RFS4 | galactinol--sucrose galactosyltransferase 4 
  As_13250   -2.8   leaf   0.04   AT5G40390   SIP1 | Raffinose synthase family protein  











Table  S11. Cont. 




  Tissue   FDR   Similar to†   Annotation‡ 
Ion and Water transport                 









  As_20592   -2.74   leaf   0.01   AT4G00430   
PIP1;4 | plasma 
membrane intrinsic 
protein 1;4  




  As_30027   -2.05   leaf   0.03   AT5G24030   SLAH3 | SLAC1 homologue 3  
  As_44068   -1.66   leaf   0.01   AT4G00430   
PIP1;4 | plasma 
membrane intrinsic 
protein 1;4  
Photorespiration                   









Respiration                   
  As_45303   -1.65   leaf   0.04   ATMG01190   ATP1 | ATP synthase subunit 1  
  As_17093   -1.93   leaf   0.04   ATMG00410   ATP6-1 | ATPase subunit 6-1  
  As_46521   -2.11   leaf   0   AT2G05710   ACO3 | aconitase 3 
  As_19213   -2.13   stem   0   ATMG00070   
NAD9 | NADH 
dehydrogenase 
subunit 9  
  As_12159   -2.22   leaf   0   ATMG01360   COX1 | cytochrome oxidase  
  As_27964   -2.22   stem   0.01   ATMG00580   
NAD4 | NADH 
dehydrogenase 
subunit 4  








Table  S11. Cont. 




  Tissue   FDR   Similar to†   Annotation‡ 
Cellular 
Respiration                   
  As_47098   -2.32   leaf   0.02   ATMG01275   NAD1A | NADH dehydrogenase 1A  
  As_45325   -2.42   leaf   0.01   ATMG00180   CCB452 | cytochrome C biogenesis 452  
  As_25573   -2.53   leaf   0.01   ATMG00580   
NAD4 | NADH 
dehydrogenase subunit 
4  
  As_15142   -2.56   leaf   0.01   ATMG00160   COX2 | cytochrome oxidase 2  
  As_27336   -2.6   leaf   0.02   ATMG00180   CCB452 | cytochrome C biogenesis 452  
  As_18535   -2.66   leaf   0   ATMG00730   COX3 | cytochrome c oxidase subunit 3  
  As_19213   -2.85   leaf   0   ATMG00070   NAD9 | NADH dehydrogenase subunit 9  
  As_27964   -3.05   leaf   0.04   ATMG00580   NAD4 | NADH dehydrogenase subunit 4  
  As_25335   -3.08   leaf   0.02   ATMG00510   NAD7 | NADH dehydrogenase subunit 7  
  As_30365   -3.24   leaf   0   ATMG00510   NAD7 | NADH dehydrogenase subunit 7  
Cell Wall Biosynthesis                 
  As_3499   -7.17   leaf   0   AT5G54690   
GAUT12, LGT6, IRX8 | 
galacturonosyltransferase 
12  
  As_17427   -6.88   leaf   0   AT4G24010   CSLG1 | cellulose synthase like G1  
  As_8965   -6.81   leaf   0.01   AT4G37800   
XTH7 | xyloglucan 
endotransglucosylase/h
ydrolase 7  
  As_38619   -6.55   leaf   0   AT2G46770   
NST1, NAC043 | NAC 
(No Apical Meristem) 
domain-containing 
protein 43 



















Table  S11. Cont. 




  Tissue   FDR   Similar to†   Annotation‡ 
Cell Wall Biosynthesis                 
  As_15146   -4.39   leaf   0   AT2G38080   
IRX12, LAC4 | 
Laccase/Diphenol 
oxidase family protein  
  As_21328   -4.2   leaf   0   AT5G01360   
TBL3 | Plant protein 
of unknown function 
(DUF828)  
  As_44402   -4.17   leaf   0.01   AT3G18660   
PGSIP1 | plant 
glycogenin-like starch 
initiation protein 1  
  As_19398   -3.68   leaf   0   AT1G75680   GH9B7 | glycosyl hydrolase 9B7  
  As_3915   -3.61   leaf   0.01   AT5G67210   
IRX15-L | Protein 
IRX15-LIKE 
(DUF579)  




protein 11  
  As_19225   -3.52   leaf   0.02   AT5G22740   CSLA2 | cellulose synthase-like A02  




superfamily protein  




superfamily protein  




superfamily protein  
  As_17083   -2.83   leaf   0.01   AT5G44030   CESA4, IRX5 | cellulose synthase A4  
  As_19348   -2.79   leaf   0.03   AT2G40320   
TBL33 | TRICHOME 
BIREFRINGENCE-
LIKE 33  
  As_17319   -2.63   leaf   0.01   AT5G15630   
COBL4, IRX6 | 
COBRA-like protein 
4 
  As_19837   -2.56   leaf   0.01   AT5G66390   Peroxidase superfamily protein  





Table  S11. Cont. 




  Tissue   FDR   Similar to†   Annotation‡ 
Cell Wall Biosynthesis                 
  As_30391   -2.43   leaf   0.02   AT3G62390   
TBL6 | TRICHOME 
BIREFRINGENCE-LIKE 
6  
  As_12790   -2.37   leaf   0.01   AT4G18780   CESA8, IRX1 | cellulose synthase family protein  
  As_14056   -2.33   leaf   0.03   AT5G17420   IRX3, CESA7 | Cellulose synthase family protein  
  As_20994   -2.33   leaf   0.01   AT3G62660   
GATL7 | 
galacturonosyltransferase-
like 7  
  As_16263   -2.03   leaf   0.03   AT5G64740   CESA6, IRX2 | cellulose synthase 6  
  As_16204   -1.88   leaf   0.03   AT5G05340   Peroxidase superfamily protein  
  As_45387   -1.79   leaf   0   AT4G34480   O-Glycosyl hydrolases family 17 protein  
  As_15010   -1.78   leaf   0.04   AT5G60920   COB | Protein COBRA 
  As_13789   -1.77   stem   0.02   AT3G50760   
GATL2 | 
galacturonosyltransferase-
like 2  
  As_18420   -1.69   leaf   0   AT5G56590   O-Glycosyl hydrolases family 17 protein  




  As_17427   -1.59   stem   0.04   AT4G24010   CSLG1 | cellulose synthase like G1  
  As_20161   -1.54   leaf   0.01   AT3G02230   RGP1 | reversibly glycosylated polypeptide 1  
  As_45261   -1.43   stem   0.04   AT1G17950   MYB52 | myb domain protein 52  
  As_45261   -1.43   stem   0.04   AT1G17950   MYB52 | myb domain protein 52  
  As_45776   -1.38   leaf   0   AT3G24480   Leucine-rich repeat (LRR) family protein  
†Fold-change of transcripts showing significantly higher (blue) or lower (red) expression in 
Subtropical than in Equatorial samples.  
‡The blastx algorithm was used to align contigs to Arabidopsis thaliana gene model 




Table S12. Oligonucleotides used in qRT-PCR reactions in this work.  















  L   GGAAATGAGCAGCCAAATCAGC   
87 
  AT5G25530.1 | DNAJ heat 






  L   TGCTTGATGGGGCGAATGTC   
85 
  AT1G44446.1 | 
Pheophorbide a oxygenase 
family protein with Rieske 
[2Fe-2S] domain 






  L   TGGCCAGAAACCGCATTAAG   
141 
  AT1G03600.1 | photosystem 






  L   AACAGTCCAAGGTGCCACAG   
141 
  AT1G08380.1 | photosystem 






  L   AGCCCACCACCATTAGATGC   
92 
  
AT5G58140.1 |phototropin 2 






  L   AGTGCCTTGGTGCCATTTGTG   
145 
  AT4G00430.1 | plasma 
membrane intrinsic protein 






  L   ATCCTATGCGTCCCAGTTGC   
161 
  AT5G66390.1 | Peroxidase 






  L   AAAGTTTCCGGGTTTGCCAAGG   
196 
  AT3G14440.1 | nine-cis-
epoxycarotenoid 






  L   TTTGAACCCGCCAAATCCAC   
130 
  AT2G47180.1 | galactinol 






  L   ACGCAACACCTGTAACAACC   
108 
  AT2G38080.1 | 
Laccase/Diphenol oxidase 
family protein       R   TGGCAAACATCAGTGAGTGGTC     
As_43999 
  
< 0.1 (nde) 
  
As_UBQ11 
  L   AGGGCTCCACTGCTCTTTAAGG   
151 
  AT3G08690.2 | ubiquitin-






Table S12. Cont. 









< 0.1 (nde) 
  
As_UBQpase 
  L   TGCGTGTTCATGATGAGGAG   
199 
  AT5G06600.1 | ubiquitin-
specific protease 12       R   TGCTGATTCTGGTTCGCTAC     
As_18630 
  
< 0.1 (nde) 
  
As_UBQ6 
  L   TGCCTGTCAAAGTGATTCGC   
157 
  
AT2G47110.2 |  ubiquitin 6 
      R   AGCCGAAGAAGATCAAGCAC     
As_19713 
  
< 0.1 (nde) 
  
As_EIFa 
  L   TGGCCCGTGGTATTGATGTC   
107 
  AT3G13920.1 | eukaryotic 
translation initiation factor 
4A1       R   ACCAAATCGCCCACTTCGTC     
†Fold-change of target transcripts showing significantly higher (blue) or lower (red) expression in Subtropical than in Equatorial 
samples. nde: not significant differential expression of genes used as reference in qRT-PCR reactions (EdgeR FDR < 0.05). 
‡The blastx algorithm was used to search for similarity between Avicennia schaueriana’s transcripts and Arabidopsis thaliana’s gene 






















Table S13. Single Nucleotide Polymorphic loci (SNP) with signature of selection present in putative protein-coding regions of the 











A. thaliana protein 
name‡ 




domain¶ Function description 









Encodes a anthocyanidin 3-O-
glucosyltransferase which 
glucosylates the 3-position of the 
flavonoid C-ring. Anthocyanidins 
and flavonols are accepted 
substrates. 
4821 As_15910 AT1G78080 RAP2.4 Related to AP2 4 
PREDICTED: ethylene-
responsive transcription 
factor RAP2-4  
AP2 domain 
Transcriptional activator that 
regulates the gene expression by 
stress factors and by components 
of stress signal transduction 
pathways. Involved in the cellular 
response to salt stress, in the 
response to cold, to light stimulus, 
to osmotic stress and to water 
deprivation. 







H type (and 
similar) 
Encodes a zinc finger protein that 
binds to PORA mRNA in vivo and 
recruits the Pfr form of 
phytochrome to the 5′-UTR of 
PORA mRNA to regulate 
translation of the mRNA. 










Causes the covalent modification 
of one or more nucleotides within 
an RNA molecule, altering the 

















A. thaliana protein 
name‡ 




domain¶ Function description 








A low oxygen-inducible 
transcription factor. 







dioxygenase 1  
ARD/ARD' 
family 

















Adenine nucleotide alpha 
hydrolases-like superfamily 
protein;(source:Araport11) 







containing protein 31 





zinc finger (CCCH type) helicase 
family protein;(source:Araport11) 





family transport protein 
SLY1  
Sec1 family 
member of SLY1 Gene Family 
The mRNA is cell-to-cell mobile. 






















PFAM domain¶ Function description 









Encodes DEX1 (defective in 
exine formation). Required for 
exine pattern formation during 
pollen development. 
443 As_22010 AT5G14230 AT5G14230 
Ankyrin repeat 
(InterPro:IPR002110); 
BEST A. thaliana protein 
match is: XB3 ortholog 2 





(3 copies) ankyrin;(source:Araport11) 








 NC domain-containing 
protein-like 
protein;(source:Araport11) 





BSD domain BSD domain-containing protein;(source:Araport11) 
4007 As_44199 AT5G11700 AT5G11700 
BEST A. thaliana protein 



























A. thaliana protein name‡ 




domain¶ Function description 
1626 As_11391 AT2G39950 AT2G39950 
unknown protein; 
EXPRESSED IN: 24 plant 
structures; EXPRESSED 





NA flocculation protein;(source:Araport11) 
2089 As_29842 NA NA NA NA NA NA 
†Blastn algorithm was used to align nextRAD tags to the transcriptome described in this work. 
‡Blastx algorithm was used to align contigs to Arabidopsis thaliana gene model sequences (TAIR10).  
§Blastx algorithm was used to align contigs to NCBI’s RefSeq protein database. 







Propagules and RNA sampling sites characterisation 
Here we complement the characterisation of the sites where leaves, stems and flowers 
of adult individuals of Avicennia schaueriana were collected for RNA-sequencing and 
propagules were sampled for a common garden experiment. 
The equatorial site is located in the Amazon mangrove coast, one of the world’s 
largest macrotidal mangrove forests(KJERFVE et al., 2002; SOUZA-FILHO et al., 2006) 
(0°42' S 47°14' W and 0°59' S 46°35' W). Forests reach 20 m in height and are dominated by 
Rhizophora mangle and R. racemosa, at lower elevations, and by Avicennia germinans at 
higher elevations(MENEZES; BERGER; MEHLIG, 2008; SCHAEFFER-NOVELLI et al., 
1990). Avicennia schaueriana and Laguncularia racemosa are frequently found at lower 
densities at the edges of forests in the equatorial coast, such that the former occurs especially 
close to sandy beaches, whereas the latter occurs in brackish water(MENEZES; BERGER; 
MEHLIG, 2008; SCHAEFFER-NOVELLI et al., 1990). The climate at the equatorial site is 
classified as tropical monsoon (Am) in the Köppen-Geiger classification system. A decreasing 
rainfall gradient is observed from this sampling site towards the northeast extremity of South 
America (NEESA), where the climate is semi-arid of low latitude and altitude 
(BSh)(ALVARES et al., 2013). The mean annual temperature at this location is above 27 °C 
and exhibits great fluctuations in precipitation throughout the year. The dry season lasts for 
approximately five months, from August to December, with a precipitation lower than 50 
mm, decreasing to 9 mm in October, which is the driest month. The wet period duration is 
approximately seven months, from January to July, with precipitation exceeding 300 mm, and 
with an average precipitation of 600 mm in the wettest month, March. 
The subtropical sampling site is located at the southernmost margin of mangrove 
forests on the Atlantic coast of South America (28°28’ S 48°51’ W)(SOARES et al., 2012). 
Only two species of mangrove trees are found at this site, namely, A. schaueriana and L. 
racemosa. Despite being found at the edge of the species distribution, A. schaueriana 
individuals present a tall form, reaching up to 10 m in height, which suggests that their 
distribution may not have been limited by climatic factors(SOARES et al., 2012). The climate 
in this locality is classified as temperate oceanic with hot summer, without a dry season (Cfa) 
in the Köppen-Geiger classification system, with increasing temperatures and tidal amplitudes 
northwards, where climate is tropical with a dry season (Aw or As)(ALVARES et al., 2013), 
in the NEESA region. The tidal regime in this subtropical site is classified as 




throughout the year. The wettest month is February, with an average precipitation of 160 mm. 
The annual mean temperature is 19.7 °C, the mean temperature in the coldest month is 15.7 
°C and the mean annual thermal amplitude is 8 °C.  
 
RNA-sequencing data verification through qRT-PCR 
To confirm the results obtained in the differential expression analyses of RNA-Seq 
data, we selected a set of DET detected between leaf samples of trees at the equatorial and 
subtropical sites and designed primers for reverse transcription real-time PCR (qRT-PCR) 
validation using the Primer3Plus software(UNTERGASSER et al., 2012). To design primers 
to be used as internal controls, we selected transcripts from the RNA-Seq data that showed a 
fairly stable expression across leaf samples and were similar to recognised housekeeping 
genes in genomes of model-plants Supplementary information Table 10). RNA samples were 
treated with the DNA-free DNA Removal Kit (Thermo Fisher Scientific, Waltham, MA, 
USA), followed by complementary DNA strand (cDNA) synthesis using the commercial 
iScript cDNA Synthesis kit (Bio-Rad Laboratories Inc., Hercules, CA, USA). Primers 
annealing specificity, amplification efficiency and the stability of expression of the putative 
housekeeping transcripts were all confirmed before performing qRT-PCR reactions. Each 
reaction was assessed using three technical replicates, and expression values were estimated 
with the 2-ΔΔCt method(LIVAK; SCHMITTGEN, 2001). The Mann-Whitney-Wilcoxon non-
paired statistical test was performed with a significance threshold of 5%, for the comparison of 
the distributions of relative expression levels. All reactions were performed using the iTaq 
Universal SYBR Green Supermix (Bio-Rad Laboratories Inc., Hercules, CA, USA) with the 
CFX384 Real-Time PCR Detection System (Bio-Rad Laboratories Inc., Hercules, CA, USA), 
following the manufacturer instructions. 
To better characterise the climate from the equatorial and subtropical sampling sites 
we have downloaded temperature, relative humidity, rainfall and solar irradiance datasets 
(2008-2017) from the INMET database (the Meteorological Institute of Brazil) 
(Supplementary information Fig. 1) and the environmental data from BioClim(HIJMANS et 
al., 2005) and MARSPEC(SBROCCO; BARBER, 2013). 
 
Supplementary Note 
Validation of RNA-Seq data through qRT-PCR 
To confirm the computational analyses of the RNA-Seq data, we selected a set of 




designed primers for use in reverse transcription real-time PCR (qRT-PCR) reactions. Two 
putative housekeeping genes, similar to Arabidopsis thaliana UBIQUITIN-CONJUGATING 
ENZYME 11 and UBIQUITIN-SPECIFIC PROTEASE 12, were selected as reference in qRT-
PCR validation of the RNA-Seq data, from leaves sampled from adult trees under equatorial 
and subtropical field conditions. The stability of the expression of the putative housekeeping 
genes was confirmed, showing a coefficient of variation (CV) of 0.0456 and mean variation 
(M) of 0.1316. Amplification efficiency tests for all primers were performed before 
examining the relative expression qRT-PCR reactions. Only primers with 90-110% efficiency 
and R2 > 0.99 were used in the subsequent steps. The specificity was confirmed by the 
analysis of the dissociation curve over a temperature gradient from 65 °C - 95 °C, with an 
increment of 0.5 °C every 5 seconds. Ten differentially expressed transcripts (DET), detected 
using read-mapping counts and the results obtained from the EdgeR(ROBINSON; 
MCCARTHY; SMYTH, 2010) analysis were selected as targets in the qRT-PCR reactions 
(Supplementary Table 10). Their relative expression, estimated using the 2-ΔΔCt 
method(LIVAK; SCHMITTGEN, 2001), confirmed the results obtained in computational 
analyses of the RNA-Seq data. An absence of a difference in the distribution of expression 
levels between equatorial and subtropical leaf samples was rejected for all selected targets 
using the non-parametric unpaired Mann-Whitney-Wilcoxon U statistic with a significance 
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Figure S1. Schematic representation of the methodological pipeline used in this study for 





Figure S2. Groups of intercorrelated climatic and oceanographic variables from the 
WorldClim (HIJMANS et al., 2005) and Marspec (SBROCCO; BARBER, 2013) databases 
for genetic-environment association tests. Pearson’s correlation cutoff was set to 0.8. 





Figure S3. Cross-validation error criteria for identifying the most likely number of 
ancestral populations and most likely scenarios in the program Admixture v. 1.3.0. (a) 
Cross-validation plot for identifying the best K value from all sampled individuals. (b) 
Attribution of ancestry from the first (K = 4) and second (K = 3) most likely scenarios for all 
sampled individuals; stacked bars represent individuals, with each color representing one 
ancestral cluster. (c) Cross-validation plot for identifying the best K value from all sampled 
individuals, except for individuals sampled in the PA-arid site. (d) Attribution of ancestry 
form the first (K = 3) and second (K = 2) most likely scenarios for all sampled individuals, 
except for individuals sampled in the PA-arid site; stacked bars represent individuals, with 
each color representing one ancestral cluster. 
 
Figure S4. Proportion of nonredundant transcripts of Avicennia germinans annotated 
using distinct reference databases (DB). Red bars represent annotated transcripts, and gray 
bars represent nonannotated transcripts. Left: Annotation of transcripts containing an open 
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Figure S5. Number of loci putatively under selection identified by at least two distinct 
methods. Candidate loci were detected from two datasets: (1) all sampled individuals, 
including PA-arid samples, using FST outlier approaches and (2) a subset of samples, 
excluding individuals from the PA-arid site, combining genetic-environmental association 
tests and FST outlier tests. 
 
Figure S6. Detection and annotation of differentially expressed transcripts (DETs). (a) 
Two-dimensional scatterplot of distances among transcript expression profiles in leaf, stem 
and root samples (top to bottom) of Avicennia germinans seedlings acclimated in pots during 
three days in open-air, shaded and watered conditions; points represent individual samples, 
and distances are approximately the log2-transformed fold changes between samples; yellow 
points represent samples from the PA-arid site and green points represent samples from the 
PA-humid site. (b) MA-plots of transcript expression in leaves, stems and roots; yellow points 
represent DETs showing higher expression in samples from the PA-arid site than in samples 
from the PA-humid site (DET-Arid); green points represent DETs with higher expression in 








































































































































































points represent nondifferentially expressed transcripts. (c) Proportion of annotated and 
putative protein-coding DETs. Annotation of putative coding transcripts was performed using 
the blastx algorithm with Arabidopsis thaliana proteins as a reference; gray colored bars 
represent putative non-coding transcripts that are differentially expressed, and black bars 





Table S1. Characterization of the de novo-assembled reference transcriptome of Avicennia 
germinans. 





Number of contigs 47,821 29,854 17,967 
Total size (bp) 45,317,158 36,563,009 8,754,138 
Shortest contig (bp) 294 298 294 
Longest contig (bp) 43,423 43,423 5,755 
Number of contigs < 1Kb 32,255 14,917 17,338 
Number of contigs ≥ 1Kb 15,566 14,937 629 
Average contig size (bp) 947.6 1,224.7 487.2 
Median contig size (bp) 649 1,000 410 
Contig N50 (bp) 1,327 1,588 482 
Average ORF size (amino acid) NA 307 NA 
Median ORF size (amino acid) NA 228 NA 
Longest ORF (amino acid) NA 3,753 NA 
Shortest ORF (amino acid) NA 100 NA 
 
Table S2. Quality parameters of the Avicennia germinans transcriptome assembly. 
Reads mapping to 
contiguous sequences in 
the transcriptome 
Mapped to a single contig 82.40% 
Mapped to more than one contig 1.31% 
Not mapped to the transcriptome 16.30% 
BUSCO analysis of plant 
universal single-copy 
orthologs present in the 
transcriptome 
Complete orthologous sequences present in single 
copy in the transcriptome 63.49% 
Complete orthologous sequences present in more 
than one copy in the transcriptome 19.04% 
Fragmented orthologous sequences present in the 
transcriptome 9.21% 









Table S3. Putative orthologous sequences between Avicennia germinans transcriptome 
obtained from roots, stems and leaves and publicly available transcriptomes from other 
Avicennia L. (Avicenniaceae) species. 





Total number of 
putative orthologs 
Avicennia marina leaves GBIO01000000 89,833 29,496 
Avicennia officinalis leaves GFLY01000000 38,756 20,529 





GSE116060 49,490 31,348 
 
Table S4. Annotation of candidate SNP loci putatively under selection effect identified 
by two (Lositan and Pcadapt) or three (Lositan, Pcadapt and LEA) distinct methods, 
from two datasets. (1) All sampled individuals, including PA-arid samples, using FST outlier 
approaches and (2) a subset of samples, excluding individuals from the PA-arid site, 
combining genetic-environmental association tests and FST outlier tests. 
 
Dataset Transcript ID Similar to† 
Environmental 







Regulation of the biosynthesis of cellulose and 
hemicellulose in wood fibers and the expression 
of lignin-polymerizing and signaling genes 








Fundamental for the development of secondary 
cell wall band patterning in xylem tracheids and 
for wood formation, playing a role in the 









May play a role in hormones and abiotic stress 
sensing and signaling (TEN HOVE et al., 2011; 
VAN DER DOES et al., 2017) and in regulating 
adaptation to salt stress (LORENZO et al., 2009) 
1 Ag_43440 Not annotated NA Not annotated 
1 and 2 Ag_4919 
AT1G09910, 
Rhamnogalacturona
te lyase family 
protein 
PWQ 
Associated with the degradation of the cell wall 
polysaccharides, and pectin (MCDONOUGH et 
al., 2004) 






Associated with photosynthetic machinery 
biogenesis, stabilization and repair (BOHNE et 
al., 2016) 







Associated with thylakoid membrane biogenesis 
and chloroplast protein synthesis and essential 
for early embryogenesis in response to light 




1 and 2 Ag_29619 
AT2G18500, OFP7, 
ovate family protein 
7 
PWQ 
May be involved in various aspects of plant 
growth and participate in suppressing cell 
elongation (WANG et al., 2007; WANG; 
CHANG; ELLIS, 2016) 





Regulation of the activity of Hsp70 chaperones 
(WALSH et al., 2004) and protein protection 











Associated with the control of plant growth and 
development (MANFIELD et al., 2006) 
2 Ag_135 AT1G28440, HSL1, HAESA-like 1 PWQ 
The Ag_135 transcript has a kinase domain and 
is associated with growth and abiotic stress 







Involved in the lignification of the cell wall; 
mediates the oxidation of monolignols (DANIEL 
et al., 2015) and is required for endosperm 
development (PAGNUSSAT et al., 2005) 
2 Ag_10980 AT5G13530, KEG, keep on going 
PWQ; 
PDM 
Associated with the control of plant growth and 
development and critical for seedling regulation 
of abscisic acid perception and signaling 






Involved in the biosynthesis of UDP-glucuronic 
acid, providing nucleotide sugars for the 
polymerization of cell-wall compounds 
(PIESLINGER; HOEPFLINGER; TENHAKEN, 
2010) 
2 Ag_11269 AT2G25730, unknown protein PWQ 
The Ag_11269 transcript has a TPR 2 domain 
and, thus, may be involved in thylakoid 
membrane biogenesis and with the 
photosynthetic machinery stabilization and repair 








MUSE13 regulates the turnover of nucleotide-
binding domain and leucine-rich repeat-
containing immune receptors. Loss of MUSE13 
and MUSE14 leads to enhanced pathogen 
resistance, NLR accumulation, and 
autoimmunity. May regulate ATG6 
ubiquitination and formation of autophagosomes 









AT2G42520 has important roles in RNA 
metabolism such as splicing, RNA transport, 
ribosome biogenesis, translation and decay and 
unwinds double-stranded RNA molecules 














AT1G48650 has important roles in RNA 
metabolism such as splicing, transport, ribosome 
biogenesis, translation and decay; it unwinds 
double-stranded RNA molecules through the 

















factor 2 (NTF2) 



















PWQ AT4G30100 has a hydrolase activity 
2 Ag_29952 
AT5G11970, 
Protein of unknown 
function (DUF3511) 
PWQ Unknown function 
2 Ag_1345 AT5G55960, unknown protein PWQ Unknown function 
2 Ag_43837 Not annotated PWQ Not annotated 
†Blastx hit to Arabidopsis thaliana or Sesamum indicum [when indicated] gene models. 
‡NA: Genetic-environment association test not performed for the entire dataset (K=4) due to 
the impossibility of environmental distinction between the PA-arid and PA-humid sites, based 
on the WorldClim and Marspec databases; PWQ: Precipitation of the warmest quarter; PDM: 
Precipitation of the driest month; PANNUAL: Annual precipitation; SSS: Mean sea surface 
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